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PREFACE TO THE SECOND EDITION 


TWENTY-FIVE years have passed since the writing of this volume in its first edition. Such a 
long interval has inevitably made necessary a fairly thorough revision and expansion of the 
book for its second edition. 

The original choice of material was such that, with some very slight exceptions, it has not 
become obsolete. In this part, only some relatively minor additions and improvements 
have been made. 

It has, however, been necessary to incorporate a considerable amount of new material. 
This relates in particular to the theory of the magnetic properties of matter and the theory 
of optical phenomena, with new chapters on spatial dispersion and non-linear optics. 

The chapter on electromagnetic fluctuations has been deleted, since this topic is now 
dealt with, in a different way, in Volume 9 of the Course. 

As with the other volumes, invaluable help in the revision has been derived from the 
comments of scientific colleagues, who are too numerous to be named here in their entirety, 
but to whom we offer our sincere thanks. Particularly many comments came from V. L. 
Ginzburg, B. Ya. Zel'dovich and V. P. Krainov. It was most useful to be able to hold re gular 
discussions of questions arising, with A. F. Andreev, I. E. Dzyaloshinskii and I. M. Lifshitz. 
We are particularly grateful to S. I. Vainshtein and R. V. Polovin for much assistance in 
revising the chapter on magnetohydrodynamics. Lastly, our thanks are due to A. S. 
Borovik-Romanov, V. I. Grigor’ev and M. I. Kaganov for reading the manuscript and 
for a number of useful remarks. 


Moscow E 
July, 1981 L. P. Prraevskii 





PREFACE TO THE FIRST ENGLISH EDITION 


THE present volume in the Course of Theoretical Physics deals with the theory of 
electromagnetic fields in matter and with the theory of the macroscopic electric and 
magnetic properties of matter. These theories include a very wide range of topics, as may be 
seen from the Contents. 

In writing this book we have experienced considerable difficulties, partly because of the 
need to make a selection from the extensive existing material, and partly because the 
customary exposition of many topics to be included does not possess the necessary 
physical clarity, and sometimes is actually wrong. We realize that our own treatment still 
has many defects, which we hope to correct in future editions. 

Weare grateful to Professor V. L. Ginzburg, who read the book in manuscript and made 
some useful comments. I. E. Dzyaloshinskii and L. P. Pitaevskii gave great help in reading 
the proofs of the Russian edition. Thanks are due also to Dr Sykes and Dr Bell, who not 
only carried out excellently the arduous task of translating the book, but also made some 
useful comments concerning its contents. 


Moscow L. D. LANDAU 
June, 1959 E. M. Lirsuitz 


NOTATION 


Electric field E 

Electric induction D 

Magnetic field H 

Magnetic induction B 

External electric field €, magnitude € 
External magnetic field $, magnitude $H 
Dielectric polarization P 

Magnetization M 

Total electric moment of a body # 
Total magnetic moment of a body .@ 
Permittivity € 

Dielectric susceptibility x 

Magnetic permeability p 

Magnetic susceptibility 7 

Current density j 

Conductivity o 

Absolute temperature (in energy units) 7 


Pressure P 

Volume V 

Thermodynamic quantities: per unit volume for a body 
entropy 5 


internal energy 
free energy 


D» 
$ Ye% 


thermodynamic potential 
(Gibbs free energy) 
Chemical potential ¢ 
A complex periodic time factor is always taken as e~ ™*. 
Volume element dV or d?x; surface element df. 


The summation convention always applies to three-dimensional (Latin) and two- 
dimensional (Greek) suffixes occurring twice in vector and tensor expressions. 


Xil 


Notation xili 
References to other volumes in the Course of Theoretical Physics: 
Mechanics = Vol. 1 (Mechanics, third English edition, 1976). 
Fields = Vol. 2 (The Classical Theory of Fields, fourth English edition, 1975). 
QM = Vol. 3 (Quantum Mechanics—Non-relativistic theory, third English edition, 1977). 
QED = Vol. 4 (Quantum Electrodynamics, second English edition, 1982). 
SP 1 = Vol. 5 (Statistical Physics, Part 1, third English edition, 1980). 
FM = Vol. 6 (Fluid Mechanics, English edition, 1959). 
TE = Vol. 7 (Theory of Elasticity, second English edition, 1970). 
SP 2 = Vol. 9 (Statistical Physics, Part 2, English edition, 1980). 
PK = Vol. 10 (Physical Kinetics, English edition, 1981). 
All are published by Pergamon Press. 





CHAPTER I 


ELECTROSTATICS OF CONDUCTORS 


§1. The electrostatic field of conductors 


Macroscopic electrodynamics is concerned with the study of electromagnetic fields in 
space that is occupied by matter. Like all macroscopic theories, electrodynamics deals with 
physical quantities averaged over elements of volume which are “physically infinitesimal”. 
ignoring the microscopic variations of the quantities which result from the molecular 
structure of matter. For example, instead of the actual “microscopic” value of the electric 
field e, we discuss its averaged value, denoted by E: 


e=E. (1.1) 


The fundamental equations of the electrodynamics of continuous media are obtained by 
averaging the equations for the electromagnetic field in a vacuum. This method of 
obtaining the macroscopic equations from the microscopic was first used by H. A. Lorentz 
(1902). 

The form of the equations of macroscopic electrodynamics and the significance of the 
quantities appearing in them depend essentially on the physical nature of the medium, and 
on the way in which the field varies with time. It is therefore reasonable to derive and 
investigate these equations separately for each type of physical object. 

It is well known that all bodies can be divided, as regards their electric properties, into 
two classes, conductors and dielectrics, differing in that any electric field causes in a 
conductor, but not in a dielectric, the motion of charges, i.e. an electric current.t 

Let us begin by studying the static electric fields produced by charged conductors, that 1S, 
the electrostatics of conductors. First of all, it follows from the fundamental property of 
conductors that, in the electrostatic case, the electric field inside a conductor must be zero. 
For a field E which was not zero would cause a current; the propagation of a current in a 
conductor involves a dissipation of energy, and hence cannot occur in a stationary state 
(with no external sources of energy). 

Hence it follows, in turn, that any charges in a conductor must be located on its surface. 
The presence of charges inside a conductor would necessarily cause an electric field in it;t 
they can be distributed on its surface, however, in such a way that the fields which they 
produce in its interior are mutually balanced. 

Thus the problem of the electrostatics of conductors amounts to determining the electric 
field in the vacuum outside the conductors and the distribution of charges on their surfaces. 

At any point far from the surface of the body, the mean field E in the vacuum is almost 





t The conductor is here assumed to be homogeneous (in composition. temperature, etc.). In an inhomoge- 
neous conductor, as we shall see later, there may be fields which cause no motion of charges. 
t This is clearly seen from equation (1.8) below. 
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the same as the actual field e. The two fields differ only in the immediate neighbourhood of 
the body, where the effect of the irregular molecular fields is noticeable, and this difference 
does not affect the averaged field equations. The exact microscopic Maxwell's equations in 
the vacuum are 

dive = 0. 1) 


curle = — (1/c)ch/ct, (1.3) 


where h is the microscopic magnetic field. Since the mean magnetic field is assumed to be 
zero, the derivative Ch/Ct also vanishes on averaging, and we find that the static electric field 
in the vacuum satisfies the usual equations 


div E = 0, curl E = 0, (1.4) 
i.e. it is a potential field with a potential ¢ such that 
= — grad ġ, (1.5) 
and ¢ satisfies Laplace’s equation 
Ad = 0. (1.6) 


The boundary conditions on the field E at the surface of a conductor follow from the 
equation curl E = 0, which. like the original equation (1.3), is valid both outside and inside 
the body. Let us take the z-axis in the direction of the normal n to the surface at some point 
on the conductor. The component E, of the field takes very large values in the immediate 
neighbourhood of the surface (because there is a finite potential difference over a very small 
distance). This large field pertains to the surface itself and depends on the physical 
properties of the surface, but is not involved in our electrostatic problem, because it falls off 
over distances comparable with the distances between atoms. It is important to note, 
however. that, if the surface is homogeneous, the derivatives CE,/@x, ĉE,/ĉy along the 
surface remain finite, even though E, itself becomes very large. Hence, since 
(curl E), = 0E,/Cy —¢E,/éz = 0, we find that CE,/éz is finite. This means that E, is 
continuous at the surface, since a discontinuity in E, would mean an infinity of the 
derivative CE,/Cz. The same applies to E,, and since E = 0 inside the conductor, we reach 
the conclusion that the tangential components of the external field at the surface must be 
zero: 


E, = 0. (1.7) 


Thus the electrostatic field must be normal to the surface of the conductor at every point. 
Since E = — grad ¢, this means that the field potential must be constant on the surface of 
any particular conductor. In other words, the surface of a homogeneous conductor is an 
equipotential surface of the electrostatic field. 

The component of the field normal to the surface is very simply related to the charge 
density on the surface. The relation is obtained from the general electrostatic equation 
div e = 4zp, which on averaging gives 


div E = 4zp, (1.8) 


p being the mean charge density. The meaning of the integrated form of this equation is 
well known: the flux of the electric field through a closed surface is equal to the total charge 
inside that surface, multiplied by 47. Applying this theorem to a volume element lying 
between two infinitesimally close unit areas, one on each side of the surface of the 
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conductor, and using the fact that E = Oon the inner area, we find that E, = 4720, where ø is 
the surface charge density, i.e. the charge per unit area of the surface of the conductor. Thus 
the distribution of charges over the surface of the conductor is given by the formula 


4no = E, = — €/€n, (1.9) 
the derivative of the potential being taken along the outward normal to the surface. The 
total charge on the conductor is 

1 {c¢ 
=e ay 1.10 
: 4n Z E9 


the integral being taken over the whole surface. 

The potential distribution in the electrostatic field has the following remarkable 
property: the function ¢(x, y, z) can take maximum and minimum values only at 
boundaries of regions where there is a field. This theorem can also be formulated thus: a 
test charge e introduced into the field cannot be in stable equilibrium, since there is no point 
at which its potential energy ef would have a minimum. 

The proof of the theorem is very simple. Let us suppose, for example, that the potential 
has a maximum at some point A not on the boundary of a region where there is a field. 
Then the point A can be surrounded by a small closed surface on which the normal 
derivative Gd/én <0 everywhere. Consequently, the integral over this surface 
§(@¢/én) df <0. But by Laplace’s equation §(@¢/én)df = f AddV =0, giving a 
contradiction. 


§2. The energy of the electrostatic field of conductors 


Let us calculate the total energy % of the electrostatic field of charged conductors, t 


1 
U = — [ear (2.1) 
87 

where the integral is taken over all space outside the conductors. We transform this integral 
as follows: 


1 1 1 
U = ab -grad d dV = -ġ [dvor 
87 87 


— [o div E dV”. 
87 


The second integral vanishes by (1.4), and the first can be transformed into integrals over 
the surfaces of the conductors which bound the field and an integral over an infinitely 
remote surface. The latter vanishes, because the field diminishes sufficiently rapidly at 
infinity (the arbitrary constant in ¢ is assumed to be chosen so that ¢ = 0 at infinity). 
Denoting by ¢, the constant value of the potential on the ath conductor, we havet 


1 1 : 
va PoE d= 55 5% Ena 


+ The square E? is not the same as the mean square e? of the actual field near the surface of a conductor or 


inside it (where E = 0 but, of course, e? # 0). By calculating the integral (2.1) we ignore the internal energy of the 
conductor as such, which is here of no interest, and the affinity of the charges for the surface. 

+ In transforming volume integrals into surface integrals, both here and later, it must be borne in mind that E, 
is the component of the field along the outward normal to the conductor. This direction is opposite to that of the 
outward normal to the region of the volume integration, namely the space outside the conductors. The sign of the 
integral is therefore changed in the transformation. 
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Finally, since the total charges e, on the conductors are given by (1.10) we obtain 


U=3) ea Qa» (2.2) 


which is analogous to the expression for the energy of a system of point charges. 

The charges and potentials of the conductors cannot both be arbitrarily prescribed; 
there are certain relations between them. Since the field equations in a vacuum are linear 
and homogeneous, these relations must also be linear, i.e. they must be given by equations 
of the form 


Ea = È, Carbo (2.3) 
b 


where the quantities C,,, Cap have the dimensions of length and depend on the shape and 
relative position of the conductors. The quantities C,, are called coefficients of capacity, 
and the quantities C,,(a # b) are called coefficients of electrostatic induction. In particular. 
if there is only one conductor, we have e = Co, where C is the capacitance, which in order 
of magnitude is equal to the linear dimension of the body. The converse relations, giving 
the potentials in terms of the charges, are 


Pa = 3 CRTA (2.4) 
b 


where the coefficients C~ 1., form a matrix which is the inverse of the matrix Cp. 

Let us calculate the change in the energy of a system of conductors caused by an 
infinitesimal change in their charges or potentials. Varying the original expression (2.1), we 
have ô% = (1/4n) ( E -ôE dV. This can be further transformed by two equivalent 
methods. Putting E = — grad ġ and using the fact that the varied field, like the original 
field, satisfies equations (1.4) (so that div ÔE = 0), we can write 


1 1 
ô U = -zy {era -EdV = - 7, [venar 
An 4n 


1 
S > Qa PoE, df, 
that is 
ô U = Y pa 6e,. (2.5) 
which gives the change in energy due to a change in the charges. This result is obvious; it is 
the work required to bring infinitesimal charges de, to the various conductors from 


infinity, where the field potential is zero. 
On the other hand, we can write 


1 
sa- W eae 
år ån 


1 
= rads be, df, 
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that is 


Ô U =) €,6b,, (2.6) 


which expresses the change in energy in terms of the change in the potentials of the 
conductors. 

Formulae (2.5) and (2.6) show that, by differentiating the energy % with respect to the 
charges, we obtain the potentials of the conductors. and the derivatives of % with respect 
to the potentials are the charges: 


COU ee, = Qas OU/Cbg = Ea! (2.7) 


a 


But the potentials and charges are linear functions of each other. Using (2.3) we have 
6? U Jèp, êp, = Ce,/Cbg = Cras and by reversing the order of differentiation we get C.p- 
Hence it follows that 

Can = Cras (2.8) 


and similarly C~!,, = C~',,. The energy % can be written asa quadratic form in either the 
potentials or the charges: 


a 3 > Cab PaPe zz 2 > Co Cer (2.9) 
a,b a,b 


This quadratic form must be positive definite, like the original expression (2.1). From 
this condition we can derive various inequalities which the coefficients Ca, must satisfy. In 
particular, all the coefficients of capacity are positive: 


Co >Q (2.10) 
(and also C~ +., > 0).t 
All the coefficients of electrostatic induction, on the other hand. are negative: 


C, <0 (@#b). (2.11) 


That this must be so is seen from the following simple arguments. Let us suppose that 
every conductor except the ath is earthed, i.e. their potentials are zero. Then the charge 
induced by the charged ath conductor on another (the bth, say) is e, = Cya@q- It is obvious 
that the sign of the induced charge must be opposite to that of the inducing potential, and 
therefore C, < 0. This can be more rigorously shown from the fact that the potential of the 
electrostatic field cannot reach a maximum or minimum outside the conductors. For 
example, let the potential ¢, of the only conductor not earthed be positive. Then the 
potential is positive in all space, its least value (zero) being attained only on the earthed 
conductors. Hence it follows that the normal derivative C¢/én of the potential on the 
surfaces of these conductors is positive, and their charges are therefore negative, by (1.10). 
Similar arguments show that C~',, > 0. 

The energy of the electrostatic field of conductors has a certain extremum property, 
though this property is more formal than physical. To derive it, let us suppose that the 


5 Es ad also mention that another inequality which must be satisfied if the form (2.9) is positive is 
aa bb > ob - 4 
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charge distribution on the conductors undergoes an infinitesimal change (the total charge 
on each conductor remaining unaltered), in which the charges may penetrate into the 
conductors; we ignore the fact that such a charge distribution cannot in reality be stationary. 
We consider the change in the integral Y = (1/87) {E7*d V, which must now be extended 
over all space, including the volumes of the conductors themselves (since after the 
displacement of the charges the field E may not be zero inside the conductors). We write 


1 
6U = -z [erag -ôE dy 
An 


E 1 
= -z [evga + E [o div ôE dV. 


The first integral vanishes, being equivalent to one over an infinitely remote surface. In the 
second integral, we have by (1.8) div E = 4x6), so that 6Y = f pô dV. This integral 
vanishes if ¢ is the potential of the true electrostatic field, since then ¢ is constant inside 
each conductor, and the integral | 5p dV over the volume of each conductor is zero, since 
its total charge remains unaltered. 

Thus the energy of the actual electrostatic field is a minimum} relative to the energies of 
fields which could be produced by any other distribution of the charges on or in the 
conductors ({homson’s theorem). 

From this theorem it follows, in particular, that the introduction of an uncharged 
conductor into the field of given charges (charged conductors) reduces the total energy of 
the field. To prove this, it is sufficient to compare the energy of the actual field resulting 
from the introduction of the uncharged conductor with the energy of the fictitious field in 
which there are no induced charges on that conductor. The former energy, since it has the 
least possible value, is less than the latter energy, which is also the energy of the original 
field (since, in the absence of induced charges, the field would penetrate into the conductor, 
and remain unaltered). This result can also be formulated thus: an uncharged conductor 
remote from a system of given charges is attracted towards the system. 

Finally, it can be shown that a conductor (charged or not) brought into an electrostatic 
field cannot be in stable equilibrium under electric forces alone. This assertion generalizes 
the theorem for a point charge proved at the end of §1, and can be derived by combining the 
latter theorem with Thomson’s theorem. We shall not pause to give the derivation in detail. 

Formulae (2.9) are useful for calculating the energy of a system of conductors at finite 
distances apart. The energy of an uncharged conductor ina uniform external field ©, which 
may be imagined as due to charges at infinity, requires special consideration. According to 
(2.2), this energy is &% = 4e@, where e is the remote charge which causes the field, and ¢ is 
the potential at this charge due to the conductor. % does not include the energy of the 
charge e in its own field, since we are interested only in the energy of the conductor. The 
charge on the conductor is zero, but the external field causes it to acquire an electric dipole 
moment, which we denote by #. The potential of the electric dipole field at a large distance 
r from itis¢ = 2P - rjr’. Hence Y = e P - r/2r°. But — er/r? is just the field € due to the 
charge e. Thus 


U=-1P-E. (2.12) 


+ We shall not give here the simple arguments which demonstrate that the extremum is a minimum. 
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Since all the field equations are linear, it is evident that the components of the dipole 
moment # are linear functions of the components of the field €. The coefficients of 
proportionality between # and € have the dimensions of length cubed, and are therefore 
proportional to the volume of the conductor: 


P =No (2.13) 


where the coefficients «,, depend only on the shape of the body. The quantities Va; form 
a tensor, which may be called the polarizability tensor of the body. This tensor is 
symmetrical: &; = 0,;, a Statement which will be proved in §11. Accordingly, the energy 
(2.12) is 

U = —tVa,,€,&,. (2.14) 


PROBLEMS 


PROBLEM 1. Express the mutual capacitance C of two conductors (with charges +e) in terms of the 
coefficients C,- 


SOLUTION. The mutual capacitance of two conductors is defined as the coefficient C in the relation 
e = C(¢, — ¢,), and the energy of the system is given in terms of C by Y= 4e?/C. Comparing with (2.9), 
we obtain 

1/C = Ctr- ate 
= (C11 +2C12 +C22)/(C1:C22 -C,2°). 


PROBLEM 2. A point charge e is situated at O, near a system of earthed conductors, and induces on them 
charges e,. If the charge e were absent, and the ath conductor were at potential ¢’,, the remainder being earthed, 
the field potential at O would be ġ'o. Express the charges e, in terms of ¢’, and ¢’o. 


SOLUTION. If charges e, on the conductors give them potentials ¢,, and similarly for e’, and ¢’,, it follows 
from (2.3) that 


F Pa gi = my aC b = > Pala- 


We apply this relation to two states of the system formed by all the conductors and the charge e (regarding the 
latter as a very small conductor). In one state the charge e is present, the charges on the conductors are e,, and their 
potentials are zero. In the other state the charge e is zero, and one of the conductors has a potential ¢’, # 0. Then 
we have ed’, +e,¢', = 0, whence e, = — ed'o/¢',. 

For example, if a charge e is at a distance r from the centre of an earthed conducting sphere with radius a (< r), 
then ¢’, = ¢’,a/r, and the charge induced on the sphere is e, = —ea/r. 

As a second example, let us consider a charge e placed between two concentric conducting spheres with radii a 
and b, at a distance r from the centre such that a < r < b. If the outer sphere is earthed and the inner one is 
charged to potential ¢’,, the potential at distance r is 


` UM 

$o aa eT A 
Hence the charge induced on the inner sphere by the charge e is e, = — ealb —r)/r(b — a). Similarly the charge 
induced on the outer sphere is e, = — eb(r —a)/r(b — a). 


PROBLEM 3. Two conductors, with capacitances C, and C,, are placed at a distance r apart which is large 
Compared with their dimensions. Determine the coefficients C,,. 


SOLUTION. If conductor 1 has a charge e,, and conductor 2 is uncharged, then in the first approximation 
Qı =e; /C,, Q2 = e,/r: here we neglect the variation of the field over conductor 2 and its polarization. Thus 
C 1a =1/C,, C7}, = 1/r, and similarly C~!,, = 1/C,. Hence we findt 


EC CoC C,C 
Cy =c,(t4 : 2), Cy =—- F Ca = (1+ 54), 


r? 








t The subsequent terms in the expansion are in general of order (in 1/r) one higher than those given. If, 
however, r is taken as the distance between the “centres of charge” of the two bodies (for spheres, between the 
Í geometrical centres), then the order of the subsequent terms is two higher. 


g Electrostatics of Conductors 


PROBLEM 4. Determine the capacitance of a ring {radius b) of thin conducting wire of circular cross-section 
(radius a < b). 


SOLUTION. Since the wire is thin, the field at the surface of the ring is almost the same as that of charges 
distributed along the axis of the wire (for a right cylinder. it would be exactly the same). Hence the potential of the 
ring is 


where r is the distance from a point on the surface of the ring to an element di of the axis of the wire. the 
integration being over all such elements. We divide the integral into two parts corresponding tor < Aandr > A, 
A being a distance such that a < A < b. Then for r < A the segment of the ring concerned may be regarded as 
straight, and therefore 


A 
fa | TET 
P A 
-À 


A>r 


In the range r > A the thickness of the wire may be neglected, i.e. r may be taken as the distance between two 
points on its axis. Then 


ue | bdp 
į 2bsinid — 
o 


— 2log tan ġo, 


r>A 


where ¢ is the angle subtended at the centre of the ring by the chord r, and the lower limit of integration is such 
that 2b sin5¢, = A, whence ġo = A/b. When the two parts of the integral are added, A cancels, and the 
capacitance of the ring is i 

Lg mb 


~ $.  log(8b/a)’ 


§3. Methods of solving problems in electrostatics 


The general methods of solving Laplace’s equation for given boundary conditions on 
certin surfaces are studied in mathematical physics, and we shall not give a detailed 
description of them here. We shall merely mention some of the more elementary 
procedures and solve various problems of intrinsic interest.t 


(1) The method of images. The simplest example of the use of this method is to determine 
the field due to a point charge e outside a conducting medium which occupies a half-space. 
The principle of the method is to find fictitious point charges which, together with the given 
charge or charges, produce a field such that the surface of the conductor is an equipotential 
surface. In the case just mentioned, this is achieved by placing a fictitious charge e’ = — eat 
a point which is the image of e in the plane which bounds the conducting medium. The 
potential of the field due to the charge e and its image e’ is 


0 (2-3) (3.1) 
r fr 


t The solutions of many more complex problems are given by W. R. Smythe, Static and Dynamic Electricity, 
3rd ed., McGraw-Hill, New York, 1968; G. A. Grinberg, Selected Problems in the Mathematical Theory of Electric 
and Magnetic Phenomena (Izbrannye voprosy matematicheskoi teorii élektricheskikh i magnitnykh yavlenit), 
Moscow, 1948. 
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where rand r' are the distances of a point from the charges e and e’. On the bounding plane, 
r=r' and the potential has the constant value zero, so that the necessary boundary 
condition is satisfied and (3.1) gives the solution of the problem. It may be noted that the 
charge e is attracted to the conductor by a force e?/(2a)? (the image force; a is the distance 
of the charge from the conductor), and the energy of their interaction is — e7/4a. 

The distribution of surface charge induced on the bounding plane by the point charge e 


is given by 
1 | cd e a 
e | a eee, 3.2 
° ara Deke Ce 


It is easy to see that the total charge on the plane is {odf = —e, as it should be. 

The total charge induced on an originally uncharged insulated conductor by other 
charges is, of course, zero. Hence, if in the present case the conducting medium (in reality a 
large conductor) is insulated, we must suppose that, besides the charge — e, a charge + eis 
also induced, which, however, has a vanishingly small density, being distributed over the 
large surface of the conductor. 

Next, let us consider a more difficult problem, that of the field due to a point charge e 
near a spherical conductor. To solve this problem, we use the following result, which can 
easily be proved by direct calculation. The potential of the field due to two point charges e 
and — e’, namely ¢ = e/r — e' /r', vanishes on the surface of a sphere whose centre is on the 
line joining the charges (but not between them). If the radius of the sphere is R and its 
centre is distant | and I’ from the two charges, then I/I' = (e/e’)’, R? = Il’. 

Let us first suppose that the spherical conductor is maintained at a constant potential 
$ = 0, ie. it is earthed. Then the field outside the sphere due to the point charge e at A 
(Fig. 1), at a distance | from the centre of the sphere, is the same as the field due to two 
charges, namely the given charge e and a fictitious charge — e’ at A’ inside the sphere, at a 
distance |’ from its centre, where 


= R?/I e =eR/I. (3.3) 
The potential of this field is 
e eR 
OS 2s (3.4) 
r lr 


rand r’ being as shown in Fig. 1. A non-zero total charge — e’ is induced on the surface of 
the sphere. The energy of the interaction between the charge and the sphere is 


u = —ee'/(I—I') = —4e?R/(? — R?), (3.5) 


and the charge is attracted to the sphere by a force F = —0 U /ðl = —e7IR/(I? — R°’. 

If the total charge on the spherical conductor is kept equal to zero (an insulated 
uncharged sphere), a further fictitious charge must be introduced, such that the total charge 
Induced on the surface of the sphere is zero, and the potential on that surface is still 


constant. This is done by placing a charge + e’ at the centre of the sphere. The potential of 
the required field is then given by the formula 


r ? 


e E e 
Oe Tae - (3.6) 
oe a 
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Fic. | 


The energy of interaction in this case is 
| ase | e R? 
EEN E E Te 
a ( j= 7) 2P (1? — R?) 


Finally, if the charge e is at A’ (Fig. 1) in a spherical cavity in a conducting medium, the 
field inside the cavity must be the same as the field due to the charge e at A’ and its image at 
A outside the sphere, regardless of whether the conductor is earthed or insulated: 


e eR 
p=- 


ro èë fr 


(3.7) 





i (3.8) 


(2) The method of inversion. There is a simple method whereby in some cases a known 
solution of one electrostatic problem gives the solution of another problem. This method is 
based on the invariance of Laplace’s equation with respect to a certain transformation of 
the variables. 

in spherical polar coordinates Laplace’s equation has the form 


tepon 


1 
r 2) +5 ob =0 


where ^g denotes the angular part of the Laplacian operator. It is easy to see that this 
equation is unaltered in form if the variable r is replaced by a new variable r’ such that 


ESR ir’ (3.9) 
(the inversion transformation) and at the same time the unknown function ¢ is replaced by 


$’ such that 
d=r'd¢'/R. (3.10) 


Here R is some constant having the dimensions of length (the radius of inversion). Thus. if 
the function ¢(r) satisfies Laplace’s equation, then so does the function 


p'r) = RO(R*r/r'?)/r'. (3.11) 


Let us assume that we know the electrostatic field due to some system of conductors, all 
at the same potential ġo, and point charges. The potential ¢(r) is usually defined so as to 
vanish at infinity. Here, however, we shall define ¢(r) so that it tends to — ġo at infinity. 
Then ¢ = 0 on the conductors. 
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We may now ascertain what problem of electrostatics will be solved by the transformed 
function (3.11). First of all, the shapes and relative positions of all the conductors of finite 
size will be changed. The boundary condition of constant potential on their surfaces will be 
automatically satisfied, since ¢’ = 0 if @ = 0. Furthermore, the positions and magnitudes 
of all the point charges will be changed. A charge e at a point rọ moves to r'o = Rro 
and takes a value e’ which can be determined as follows. As r > rọ the potential ¢ (r) tends 
to infinity as e/|ôr|, where ôr = r— rọ. Differentiating the relation r = R?r /r'?, we 
find that the magnitudes of the small differences ôr and or’ = r’—r’, are related by 
(or)? = R*(6r')?/r'.*. Hence, as r’>r'o, the function ¢’ tends to infinity as 
eR/r',\or| = er'o/R|ôr |, corresponding to a charge 


e = er’, /R=eR/ro. (3.12) 


Finally, let us examine the behaviour of the function ¢'(r’) near the origin. For r = 0 we 
have r— œ and ¢(r) > —@,. Hence, as r’ > 0, the function ¢’ tends to infinity as 
—Rd,/r’. This means that there is a charge eo = — Rọo at the point r = 0. 

We shall give, for reference, the way in which certain geometrical figures are trans- 
formed by inversion. A spherical surface with radius a and centre rọ is given by the 
equation (r — ro)? = a”. On inversion, this becomes ({R’r'/r'? | —r9)? = a’, which, on 
multiplying by r? and rearranging, can be written (r' — r'o)? = a'?, where 


r'o = — R?ro/(a°—ro?), d = aR?/|a*— FQ". (3.13) 


Thus we have another sphere, with radius a’ and centre r'o. If the original sphere passes 
through the origin (a = rọ), then a’ = œ. In this case the sphere is transformed into a plane 
perpendicular to the vector rọ and distant r’, —a’ = R?/(a + ro) = R?/2a from the origin. 


(3) The method of conformal mapping. A field which depends on only two Cartesian co- 
ordinates (x and y, say) is said to be two-dimensional. The theory of functions of a complex 
variable is a powerful means of solving two-dimensional problems of electrostatics. The 
theoretical basis of the method is as follows. 

Anelectrostatic field in a vacuum satisfies two equations: curl E = 0, div E = 0. The first 
of these makes it possible to introduce the field potential, defined by E = — grad ġ. The 
second equation shows that we can also define a vector potential A of the field, such that 
E = curl A. In the two-dimensional case, the vector E lies in the xy-plane, and depends only 
on x and y. Accordingly, the vector A can be chosen so that it is perpendicular to the xy- 
plane. Then the field components are given in terms of the derivatives of ¢ and A by 


E, = —0/0x = ðA/ðy, E, = —0p/dy = —0A/Ox. (3.14) 


These relations between the derivatives of ¢@ and A are. mathematically, just the well- 
known Cauchy—Riemann conditions, which express the fact that the complex quantity 


w=@-—iA (3.15) 


is an analytic function of the complex argument z = x + iy. This means that the function 
w(z) has a definite derivative at every point, independent of the direction in which 
the derivative is taken. For example. differentiating along the x-axis, we find 
dw/dz = 0¢/0x —idA 

/ a OO, —E,,+iE,. (3.16) 


The function w is called the complex potential. 
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The lines of force are defined by the equation dx/E, = dy/E,. Expressing E, and E, as 
derivatives of A, we can write this as (CA/0x)dx + (6A/dy)dy = dA = 0, whence A(x, y) 
= constant. Thus the lines on which the imaginary part of the function w(z) is constant are 
the lines of force. The lines on which its real part is constant are the equipotential lines. The 
orthogonality of these families of lines is ensured by the relations (3.14), according to which 


0p CA Of 0A _ 
ôx ôx y dy ` 


Both the real and the imaginary part of an analytic function w(z) satisfy Laplace’s 
equation. We could therefore equally well take im w as the field potential. The lines of force 
would then be given by re w = constant. Instead of (3.15) we should have w = A + id. 

The flux of the electric field through any section of an equipotential line is given by the 
integral $ E,dl = — $(0@/én)dl, where dl is an element of length of the equipotential line 
and n the direction of the normal to it. According to (3.14) we have 6¢/0n = — ĉA/ðl, the 
choice of sign denoting that l is measured to the left when one looks along n. Thus $ E,,d/ 
= $(0A/dl)dl = A, — A,, where A, and A, are the values of A at the ends of the section. In 
particular, since the flux of the electric field through a closed contour is 4ze, where e is the 
total charge enclosed by the contour (per unit length of conductors perpendicular to the 
plane), it follows that 

e = (1/4n)AA, (3.17) 


where AA is the change in A on passing counterclockwise round the closed equipotential 
line. 

The simplest example of the complex potential is that of the field of a charged straight 
wire passing through the origin and perpendicular to the plane. The field is given by 
E, = 2e/r, E = 0, where r, 0 are polar coordinates in the xy-plane, and e is the charge per 
unit length of the wire. The corresponding complex potential is 


w = —2e logz = — 2e logr —2ie€. (3.18) 


If the charged wire passes through the point (xo, Yọ) instead of the origin, the complex 
potential is 


w = — 2e log(z— Zo), (3.19) 


where Zo = Xo + iyo. 

Mathematically, the functional relation w = w(z) constitutes a conformal mapping of the 
plane of the complex variable z on the plane of the complex variable w. Let C be the cross- 
sectional contour of a conductor in the xy-plane, and ¢, its potential. It is clear from the 
above discussion that the problem of determining the field due to this conductor amounts 
to finding a function w(z) which maps the contour C in the z-plane on the line w = ġo, 
parallel to the axis of ordinates, in the w-plane. Then re w gives the potential of the field. (If 
the function w(z) maps the contour C on a line parallel to the axis of abscissae, then the 
potential is im w.) 


(4) The wedge problem. We shall give here, for reference, formulae for the field due to a 
point charge e placed between two intersecting conducting half-planes. Let the z-axis of a 
system of cylindrical polar coordinates (r, 9, z) be along the apex of the wedge, the angle 6 
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being measured from one of the planes, and let the position of the charge e be (a, y, 0) 
(Fig. 2). The angle « between the planes may be either less or greater than 7; in the latter 
case we have a charge outside a conducting wedge. 

The field potential is given by 


co 


l a, / (2ar) cosh(xt/a)—cos[x(@—y)/a] cosh(xl/a) — cos [x(@ +y)/a] 


7] 
de 
x +, 
./ (cosh ¢ — cosh 4) 
The potential ¢ = 0 on the surface of the conductors, ie. for 8 = 0 or a. This formula was 
first given by H. M. Macdonald (1895)t. 


In particular, for « = 27 we have a conducting half-plane in the field of a point charge. In 
this case the integral in (3.20) can be evaluated explicitly, giving 


— cos5(@— l —cos3(6 
pats begs a( SHO=D) 1 pag af 20810420) 
m(R cosh zn R' cosh 54 


R? = a? +r? + 2? —2ar cos(y — 0), 
R? = a? +r? +z? —2ar cos(y + 0). 


coshy = (a? +r? +2°)/2ar, n> 0. (3.20) 


(3.21) 


In the limit as the point (r, 0, z) tends to the position of the charge e, the potential (3.21) 
becomes 





= ¢'+e/R, where d’ = = 35] n = | (3.22) 


27a sin y 


The second term is just the Coulomb potential, which becomes infinite as R > 0, while ¢’ is 
the change caused by the conductor in the potential at the position of the charge. The 
energy of the interaction between the charge and the conducting half-plane is 


2 — 
U=t1ed' = -5 Pi z] (3.23) 





+ Its derivation is given by him in Electromagnetism, Bell, London, 1934, p. 79, and by V. V. Batygin and 
I. N. Toptygin, Problems in Electrodynamics, 2nd ed., Academic Press, London, 1978. p. 47. 
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PROBLEMS 


PROBLEM 1. Determine the field near an uncharged conducting sphere with radius R placed in a uniform 
external electric ficld €. 


SOLUTION. We write the potential in the form ¢ = ġo + ¢,, where ġo = — € -r is the potential of the 
external field and ¢, is the required change in potential due to the sphere. By symmetry, the function ¢, can 
depend only on the constant vector €. The only such solution of Laplace’s equation which vanishes at infinity is 


$, = —constant x € - grad(1/r) = constant x € -r/r’, 


the origin being taken at the centre of the sphere. On the surface of the sphere ¢ must be constant, and so the 
constant in ¢, is R?, whence 


R3 
g= —€ reos ol — =) 
r 
where 6 is the angle between € and r. The distribution of charge on the surface of the sphere is given by 
o = —{1/4nx)[6¢/ér], -r = BE/4n) cos. 


The total charge e = 0. The dipole moment of the sphere is most easily found by comparing ¢, with the potential 
P - r/r? of an electric dipole field, whence P = R*E. 


PROBLEM 2. The same as Problem 1, but for an infinite cylinder in a uniform transverse field. 


SOLUTION. We use polar coordinates in a plane perpendicular to the axis of the cylinder. The solution of the 
two-dimensional Laplace’s equation which depends only on a constant vector is 


$, = constant x € - grad(logr) = constant x € - r/r?. 


Adding ġo = — € -r and putting the constant equal to R”, we have 


R? 
o=- Gr coso( 1 -*) 
r 


The surface charge density is o = (€/27)cos 0. The dipole moment per unit length of the cylinder can be found by 
comparing ¢ with the potential of a two-dimensional dipole field, namely 2# - grad (logr) = 2 - r/r’, so that 
PY =4R’*E. 


PROBLEM 3. Determine the field near a wedge-shaped projection on a conductor. 


SOLUTION. We take polar coordinates r, 6 in a plane perpendicular to the apex of the wedge, the origin being 
at the vertex of the angle 0, of the wedge (Fig. 3). The angle 6 is measured from one face of the wedge, the region 
outside the conductor being 0 < 0 < 2x — 0o. Near the apex of the wedge the potential can be expanded in powers 
of r, and we shall be interested in the first term of the expansion (after the constant term), which contains the 
lowest power of r. The solutions of the two-dimensional Laplace’s equation which are proportional to r” are 
r" cos nô and r" sin nð. The solution having the smallest n which satisfies the condition ¢ = constant for 6 = Qand 
8 = 2n—6, (i.e. on the surface of the conductor) is 

¢@ = constant x r" sin nO, n = n/(27 — Op). 


The field varies as r"~!. For 05 < n(n < 1), therefore, the field becomes infinite at the apex of the wedge. In 
particular, for a very sharp wedge (6) < 1,n = 3) E increases as r~tasr— 0. Near a wedge-shaped concavity in a 
conductor (6) > 1, n > 1) the field tends to zero. 
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The value of the constant can be determined only by solving the problem for the whole field. For example, fora 
very sharp wedge in the field of a point charge e, the passage to the limit of small r in (3.21) confirms that 


$ = constant x ,/r sin46, 


the constant being [4e,/ a/n(a? + z”)]sin4y. In this case, “near the wedge” means that r < a, under which 
condition the 6?¢@/éz? term in Laplace’s equation may be neglected. 


PROBLEM 4. Determine the field near the end of a sharp conical point on the surface of a conductor. 


SOLUTION. We take spherical polar coordinates, with-the origin at the vertex of the cone and the polar axis 
along the axis of the cone. Let the angle of the cone be 26) < 1, so that the region outside the conductor 
corresponds to polar angles in the range 6) < 6 < x. As in Problem 3, we seek a solution for the variable part of 
the potential, which is symmetrical about the axis, in the form 


$ = r"f (0), (1) 


with the smallest possible value of n. Laplace’s equation 
1 ðf ,é¢ 1 é ed 
——{r?— |+ — | sinf — }=0, 
r? ôr (- £) r? sin6 60 (sin 


I d 
sin 0 dð 


after substitution of (1), gives 


(sino F) nine ng=o (2) 


The condition of constant potential on the surface of the cone means that we must have f (0o) = 0. 
For small 6, we seek a solution by assuming that n < 1 and f(6) is of the form constant x [1 + y(@)], where 
i < 1. (For 6, > 0, i.e. an infinitely sharp point, we should expect that ¢ tends to a constant almost everywhere 


near the cone.) The equation for y is 
aes (sino ow (3 
-—— —{ sin — | = —n,. 
sin 6 dé dé ) 


The solution having no singularities outside the cone (in particular, at 0 = r) is Y (0) = 2n log sin 40. 

For 0 ~ 6, < 1, w is no longer small. Nevertheless, this expression remains valid, since the second term in 
equation (2) may be neglected because 6 is small. To determine the constant n in the first approximation we must 
require that the function f= 1 + vanish for 6 = 69. Thust n = —1/2 log 0o- The field increases to infinity as 
r= in the neighbourhood of the vertex, i.e. essentially as 1/r. 


PROBLEM 5. The same as Problem 4, but for a sharp conical depression on the surface of a conductor. 


SOLUTION. The region outside the conductor now corresponds to the range 0 < 6 < 0o. As in Problem 4, we 
seek @ in the form (1), but now n> 1. Since 6 < 1 for all points in the field, equation (2) becomes 
Id / df 
-—{ 0— }+n’f=0. 
6 dé ( Z) f 
This is Bessel’s equation, and the solution having no singularities in the field is Jo (6). The value of n is determined 
as the smallest root of the equation Jo(n6,)) = 0, whence n = 2.4/6. 


PROBLEM 6. Determine the energy of the attraction between an electric dipole and a plane conducting 
surface. 


SOLUTION. We take the x-axis perpendicular to the surface of the conductor, and passing through the dipole; 
let the dipole moment vector # lie in the xy-plane. The image of the dipole is at the point — x and has a moment 
P= P P , = — P, The required energy of attraction is the energy of the interaction between the dipole and 
its image, and is Y= — (2 P? + Y,7)/8x*. 


PROBLEM 7. Determine the mutual capacitance per unit length of two parallel infinite conducting cylinders 
with radii a and b, their axes being at a distance c apart. 


t A more exact formula n = 1/2 log (2/6,), containing a coefficient in the (large) logarithm, cannot really be 
obtained by the simple method given here. A more rigorous calculation, however, leads, as it happens, to this same 
formula. 

t The corresponding problem for two spheres cannot be solved in closed form. The difference arises because, 
in the field of two parallel wires bearing equal and opposite charges, all the equipotential surfaces are circular 
cylinders, whereas in the field of two equal and opposite point charges the equipotential surfaces are not spheres. 
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OO =¢ 


OA =a, r 
OA = a, 
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SOLUTION. The field due to the two cylinders is the same as that which would be produced {in the region 
outside the cylinders) by two charged wires passing through certain points A and A’ (Fig. 4). The wires have 
charges + e per unit length, equal to the charges on the cylinders, and the points A and A’ lie on OO’ in such a way 
that the surfaces of the cylinders are equipotential surfaces. For this to be so, the distances OA and O’A’ must be 
such that OA - OA’ = a”, O'A’- O'A = b’, i.e. d, (c —d,) = a’, d,(c —d,) = b*. Then, for each cylinder, the ratio 
r/r’ of the distances from A and A’ is constant. On cylinder 1, r/r’ = a/OA’ = a/(c —d,) = d, /a,and on cylinder 2, 
r'/r =d,/b. Accordingly, the potentials of the cylinders are ¢, = —2e log (r/r') = —2elog(d,/a), $2 
= 2e log (d,/b), 6, —¢, = 2e log (d,d, /ab). Hence we find the required mutual capacitance C = e/(@2 — ¢,): 


1/C = 2log (d,d, /ab) = 2cosh +? [(c? — a? — b”)/2ab ]. 


In particular, for a cylinder with radius a at a distance h(> a) from a conducting plane, we put c = b +h and 
take the limit as b > œ, obtaining 1/C = 2 cosh” '(h/a). 

If two hollow cylinders are placed one inside the other (c < b —a), there is no field outside, while the field 
between the cylinders is the same as that due to two wires with charges + e passing through A and A’ (Fig. 5). The 
same method gives 

1/C = 2 cosh ~! [(a? + b?’ —c?)/2ab ]. 
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PROBLEM 8. The boundary ofa conductor is an infinite plane with a hemispherical projection. Determine the 
charge distribution on the surface. 


SOLUTION. In the field determined in Problem 1, whose potential is 


R? 
$ = constant x Z (: -55). 
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the plane z = 0 with a projection r = R is an equipotential surface, on which ¢ = 0. Hence it can be the surface of 
a conductor, and the above formula gives the field outside the conductor. The charge distribution on the plane 


part of the surface is given by 
| | l ( r 7; 
Ani êz | oo 1 


we have taken the constant in ¢ as — 47, so that cọ is the charge density far from the projection. On the surface 
of the projection we have 


PROBLEM 9. Determine the dipole moment of a thin conducting cylindrical rod, with length 2/ and radius 
a <& l, in an electric field € parallel to its axis. 


SOLUTION. Let 1(z) be the charge per unit length induced on the surface of the rod, and z the coordinate along 
the axis of the rod. measured from its midpoint. The condition of constant potential on the surface of the 
conductor is 


2n ol 
l ^dz'd 
-Ezta | ARTo 
27 R 
OE] 


R? = (z' — z} + 4a? sin? 44, 


where ¢ is the angle between planes passing through the axis of the cylinder and through two points on its surface 
at a distance R apart. We divide the integral into two parts, putting T(z’) = 7(z)+ [z(z’) — t(z) ]. Since l > a, we 
have for points not too near the ends of the rod 





2n 
t(z) | {dz dě _ z(z) P — z? 4(P — z?) 
= => log ——-, dọ = log-——-=—_, 
2n [i R Im | Ea sin? io P TRDNE a? 
0 
using the result that E logsin ġdġ = — r log 2. In the integral which contains the difference t(z’) — T(z), we can 


neglect the a? term in R. since it no longer causes the integral to diverge. Thus 


I 
t(z)—t(z 
Œz = 1(z) log 4(l? — z?)/a? + e eo dz’. 
lz —2| 
=| 
The quantity z is almost proportional to z, and in this approximation the integral gives — 27(z), the result being 


y= €z 
7) og AP 2/2 


This expression is invalid near the ends of the rod. but in calculating the dipole moment that region is 
unimportant. In the above approximation we have 


I I 


i Œ z7 22 
go | raza- E | 424- toa (1-7) hae 
- 0 
EP f i M 
EN E 


where L = log (2l/a}— 1 is large, or (with the same accuracy) 
CE 
P = — 
3 log (4l/a)— 7 
PROBLEM 10. Determine the capacitance of a hollow conducting cap of a sphere. 


SOLUTION. We take the origin O at a point on the rim of the cap (Fig. 6), and carry out the inversion 
transformation r = [’/r', where l is the diameter of the cap. The cap then becomes the half-plane shown by the 
dashed line in Fig. 6, which is perpendicular to the radius AO of the cap and passes through the point B on its rim. 
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The angle y = n — 0, where 20 is the angle subtended by the diameter of the cap at the centre of the sphere. 
If the charge on the cap is e and its potential is taken as zero, then as r — œ the potential 6 > — $o + efr. 
Accordingly, in the transformed problem, as r’ > 0 the potential is ¢' > lġ/r' = —I@o/r + e/l, where the first 
term corresponds to a charge e’ = —I¢, at the origin. 
According to formula (3.22) we have 
ee & 8 
$ j gi zs =a) 


(the potential near a charge e’ at a distance Í from the edge of a conducting half-plane at zero potential) 
Comparing the two expressions, we have for the required capacitance C = e/o 


I 0 R 
C (142) =< (nora 
4 


~ On sin 
where R is the radius of the cap 


PROBLEM It. Determine the correction due to edge effects on the value C = S/4nd for the capacitance of a 
plane capacitor (S being the area of the plates, and d < ,/S the distance between them). 


SOLUTION. Since the plates have free edges. the distribution of charge over them is not uniform. To determine 
the required correction in a first approximation, we consider points which are at distances x from the edge such 
thatd<x< J S. For example, taking the upper layer (at potential ¢ = 3¢o, Fig. 7a) and neglecting its distance 
1d from the midplane (the equipotential surface ¢ = 0), we have the problem of the field near the boundary 
between two parts of a plane having different potentials (Fig. 7b). The solution is elementaryt. and the excess 
charge density (relative to the value of o far from the edge) is Ao = E,,/4n = @o/ 8z?x, so that the total excess 
charge is L f Ao dx = (¢)L/8n) log (./S/d), where L is the perimeter of the plate. In calculating the 
logarithmically divergent integral, we have taken the limits as those of the region d < x < < S. Hence we find the 
capacitance 


Ea 
= — + —; log-——_. 
ma See od 


Pp=Pol2 
(o) -ol S A f20 
p =-¢, #2 








(b) 
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o =e 
+ See §23. In formula (23.2) for the potential we must here put ¢,, = 16 5,4 =n. 
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A more exact calculation (determining the coefficient in the argument of the logarithm) demands considerably 
more elaborate methods, and the result depends the shape of the plates. If these are circular, with radius R, we 


obtain Kirchhoff’s formula 
cE El 162R 1) 
“dd aA a 





§4. A conducting ellipsoid 


The problem of the field of a charged conducting ellipsoid and that of an ellipsoid in a 
uniform external field are solved by the use of ellipsoidal coordinates. These are related to 
Cartesian coordinates by the equation 


2 y? z2 
+= += + = 1 (a>b>c). 4.1. 
a*+u b?’+u c*#+u ( oon 


This equation, a cubic in u, has three different real roots č, y, ¢, which lie in the following 
ranges: 
E2-c*?, -b yb, -b Sl -a (4.2) 


These three roots are the ellipsoidal coordinates of the point x, y, z. Their geometrical 
significance is seen from the fact that the surfaces of constant ¢, y and ¢ are respectively 
ellipsoids and hyperboloids of one and two sheets, all confocal with the ellipsoid 


x? Ja? + y?/b? +27/c? = 1. (4.3) 


One surface of each of the three families passes through each point in space, and the 
three surfaces are orthogonal. The formulae for transformation from ellipsoidal to 
Cartesian coordinates are given by solving three simultaneous equations of the type (4.1), 


and are 
aoe [Sree 
Ce | 


E (E +b) +b’) Eb?) 
Z +j a] a 


“VL e-a- | 
The element of length in ellipsoidal coordinates is 
dl? = h,?d&? + h,?dy? + hy2dC?, 
hy = /((E—n(E-OV2R,, hı = / 19-0 -O)/2Rp 


s= VIC- EƏC-MV2R, R, = (u+a?)u+b?)(u+ c?) o 
u= f; H, be 
Accordingly, Laplace’s equation in these coordinates is 
4 
A¢ =- 
j (č — n) — En — é) 


ôf õp ôf _ êp ôf 
x [o aa orah) wt Fo OR a(r) TA ee nRa (xe) | =0. (46) 


Eo 
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If two of the semiaxes a, b, c become equal, the system of ellipsoidal coordinates 
degenerates. Let a = b > c. Then the cubic equation (4.1) becomes a quadratic, 


p? e 


P pi ee 4.7 
ate Cru A Sa 


with two roots whose values lie in the ranges č > —c?, —c? > y > —a’. The coordinate 
surfaces of constant č and n become respectively confocal oblate spheroids and confocal 
hyperboloids of revolution of one sheet (Fig. 8). As the third coordinate we can take the 
polar angle ¢ in the xy-plane (x = pcos¢, y=psing). For a= b the ellipsoidal 
coordinate ¢ degenerates to a constant. — a’. Its relation to the angle ¢ is given by the way 
in which it tends to — a? as b tends to a, namely 


cos¢ = ./[(a?+0/(a?—b?)] as ba. (4.8) 





This is easily seen from (4.4) or directly from (4.1). The relation between the coordinates 
z, p and č, y is given, according to (4.4), by 


rea || oer) p- [Soe | 4.9) 
C =e = C 


The coordinates č, y, ġ are called oblate spheroidal coordinates.} 
Similarly, for a > b = c ellipsoidal coordinates become prolate spheroidal coordinates. 
Two coordinates č and ( are roots of the equation 


2 


a 
a? +u b*+u 


2 


1 p? = y Ia (4.10) 


where € > —b?, — b? > € > —a?. The surfaces of constant € and ¢ are prolate spheroids 


———— ttt 
+ We here define spheroidal coordinates to be the limit of ellipsoidal coordinates. Other definitions are used in 
the literature, but are easily related to ours. 
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and hyperboloids of revolution of two sheets (Fig. 9). The coordinate y degenerates to a 
constant, — b?, for c -> b, and we have 


cos ¢@ = J [(b? +n)/(b? —c?)], (4.11) 


where ¢ is the polar angle in the yz-plane. The relation between the coordinates x, p and 
č, ¢ is given by 


Č +a Ca? (č +b) +b? 
a [ERSA] e= J| b? a? ii E 


In a system of oblate spheroidal coordinates the foci of the spheroids and hyperboloids 
lie on a circle of radius i (a? — c?) in the xy-plane; in Fig. 8 A A’ is a diameter of this circle. 
Let us draw a plane passing through the z-axis and some point P. It intersects the focal 
circle at two points; let their distances from P be r,, r,. If the coordinates of P are p, z, then 


mi =[p—/(@*—c)P +27, 1? = [p+ / (a? =e7) 7 +27. 





The spheroidal coordinates č, y are given in terms of r}, r, by 
€ = 4(r, +r.)? —a’, n = 4(r,—r,)? —a’. (4.13) 


In a system of prolate spheroidal coordinates the foci are the points x = + ai (a? — b°) 
ie the x-axis (the points A, A’ in Fi g. 9). If r; and r, are the distances of these foci from P, 
en 
ee Php (@ — b>), 1,7 = p? + [x+./(a? bY, 
and the spheroidal coordinates č, ¢ are given in terms of ri, r3 by the same formulae (4.13), 
with ¢ in place of y. 
et us now turn to the problem of the field of a charged ellipsoid whose surface is given 
; y the equation (4.3). In ellipsoidal coordinates this is the surface € = 0. It is therefore clear 
| hat, if we seek the field potential as a function of č only, all the ellipsoidal surfaces 
> = Constant, and in particular the surface of the conductor, will be equipotential surfaces. 
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Laplace’s equation (4.6) then becomes 


d / db\ _ 
(Rae) =o 


whence 


The upper limit of integration is taken so that the field 1s zero at infinity. The constant 
A is most simply determined from the condition that at large distances r the field must 
become a Coulomb field and ¢ = e/r, where e is the total charge on the conductor. When 
r —> 00, č > œ, and č = r?, as we see from equation (4.1) with u = €. For large ¢ we have 
k= E32 and ¢ = 2A//E = 2A/r. Hence 2A = e, and therefore 


cd S 
(6) =2e l = (4.14) 
č 


The integral is an elliptic integral of the first kind. The surface of the conductor 
corresponds to č = 0, and so the capacitance of the conductor is given by 


z cs (4.15) 
o 


The distribution of charge on the surface of the ellipsoid is determined by the normal 
derivative of the potential: 


wr 


3 | l 2 al iar | eae. 
4n| On |._6 4n | hi dë jezo 4% J (nb) 
From equations (4.4) we easily see that for ¢ = 0 


7 yp et 
tt eb 


e 4x? y A E (4.16) 
=—— [| —+- +4 
© = Anabe (5 Tp 
For a spheroid the integrals (4.14), (4.15) degenerate and can be expressed in terms of 
elementary functions. For a prolate spheroid (a > b = c) the field potential is 


e a -a 
—_ tanh! =} —— (4.17) 
$ / (a? -— b’) a |i 


g Ja? = b?) 
~ cosh™ ' (a/b) 





Hence 


and the capacitance is 


(4.18) 
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For an oblate spheroid (a = b > c) we have 


7 eS 2 ake 
t-7 i J c- VEe (4.19) 
U= 


E+c?’ ~ cos”! (c/a) 
In particular, for a circular disc (a = b, c = 0) 
C = 2a/n: (4.20) 


Let us now consider the problem of an uncharged conducting ellipsoid in a uniform 
external electric field €. Without loss of generality we may take the field € to be along one 
of the axes of the ellipsoid. In any other case this field may be resolved into components 
along the three axes, and the resultant field is a superposition of those arising from each 
component separately. 

The potential of a uniform field € along the x-axis (the a-axis of the ellipsoid) is, in 
ellipsoidal coordinates, 


Po = — Ex = — G/[(E +07) + 07)(C +.07)/(b? — a?) (c? — a?) }. (4.21) 


We write the field potential outside the ellipsoid as ¢ = ġo + ¢’, where ¢’ gives the required 
perturbation of the external field by the ellipsoid, and seek ¢’ in the form 


db = GoF (6). (4.22) 


In this function the factors depending on y and ¢ are the same as in ¢,; this enables us to 
satisfy the boundary condition at € = 0 for arbitrary n,C (i.e. on the surface of the 
ellipsoid). Substituting (4.22) in Laplace’s equation (4.6), we obtain for F (€) the equation 


d?F d i 
Wee de dae” [R.(¢+a )] = 0. 
One solution of this equation is F = constant, and the other is 
dë 
F(é)= A | —————.. 4.23 
(€) (E+a)R, (4.23) 
g 


The upper limit of integration is taken so that ¢’ > 0 for č > oo. The integral is an elliptic 
mtegral of the second kind. 

We must have ¢ = constant on the surface of the ellipsoid. For this condition’to be 
Satisfied with č = 0 and arbitrary y, ¢, the constant value of ¢ must be zero. Determining 
coefficient A in F (č) so that F (0) = — 1, we obtain the following final expression for the 


veld potential near the ellipsoid: 


be í ds f ds 
e ealla a 
Š 0 


i : et us find the form of the potential ¢’ at large distances r from the ellipsoid. For 
Ser, the coordinate č is large, and č = r?, as follows at once from equation (4.1). Hence 





o0 


ds ai ds 2 
(st+a?)R, | s52 3r? 
Š 


r? 
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and the potential ¢' = €x V J4nn®r?, where V = 4zabc is the volume of the ellipsoid and 
n®, n, n are defined by 


ds ds 
(x) — lab o) — 1 P T 
d ef (sta)R. ” sabe Í (s+b2)R,” 
0 0 
: (4.25) 
d 
n® = habe | OTR 
s+c*)R, 
0 


The expression for ¢’ is, as we should expect, the potential of an electric dipole: 
d' = xP /r°, where the dipole moment of the ellipsoid is 


P = €V/4an. (4.26) 


Analogous expressions give the dipole moment when the field € is along the y or z axis. 
The positive constants n™, n™ , n® depend only on the shape of the ellipsoid, and not on 
its volume; they are called the depolarizing factors. If the coordinate axes do not 
necessarily coincide with those of the ellipsoid, formula (4.26) must be written in the tensor 

form 
(4n/V)n, PF, = C, (4.27) 


The quantities n™, n®, n are the principal values of the symmetrical tensor nj, of rank 
two. Comparison with the definition (2.13) shows that a; = n- 1 „/4r is the polarizability 
tensor of the conducting ellipsoid. 

In the general case of arbitrary a, b, c. it follows from the definitions of n™, n™, n® that 


nN <n <n if a>b>e. (4.28) 


Further, by adding the integrals for n™, n®, n® and using as the variable of integration 
u = R,’, we find 


(e 8) 


du 


(x) (y) OS 1 
n™© + n™ +n” = sabe 7J 
(abc)? 


whence 
ne? L n») vd n? = 1. (4.29) 


The sum of the three depolarizing factors is thus unity; in tensor notation, n; = 1. Since 
these coefficients are positive, none can exceed unity. 
For a sphere (a = b = c) it is evident from symmetry that 


zas 
n = n” = n® = 1, (4.30) 
For a cylinder with its axis in the x-direction (a — ©), we have 

n =0, n = n®™ =t. (4.31) 


+ The same coefficients occur in problems concerning a dielectric ellipsoid in an external electric field, ora 
magnetic ellipsoid in a magnetic field (§8). Tables and graphs of the coefficients for spheroids and ellipsoids have 
been given by E. C. Stoner (Philosophical Magazine [7] 36, 803. 1945) and J. A. Osborn (Physical Review 67, 351, 
1945). F 

t These values for a sphere and a cylinder agree, of course, with those found in §3, Problems 1 and 2. 
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The limiting case a, b - œ (a flat plate) corresponds to the obvious values 
n™ = n™ = 0, n? = 1. 


The elliptic integrals (4.25) can be expressed in terms of elementary functions if the 
ellipsoid is a spheroid. For a prolate spheroid (a > b = c) of eccentricity e = es (1 — b?/a?), 





l-e? 1+ 
n& = s (oe — ze), n” = n®) = (lan), (4.32) 
1f the spheroid is nearly spherical (e < 1) we have approximately 
n™ =4—4e?, n =n =14 Ae?. (4.33) 


For an oblate spheroid (a = b > c) 


Fre? 


n® = —— (e—tan™ te), n™® =n™ = 4(1 — n”), (4.34) 
z 





where e = ,/(a?/c? — 1). If e < 1, then 


nasite, n =n ghe. (4.35) 


PROBLEMS 


PROBLEM I. Find the field of a charged conducting circular disc with radius a, expressing it in cylindrical 
coordinates. Find the distribution of charge on the disc. 


SOLUTION. The charge distribution is obtained by taking the limit of formula (4.16) as c > 0, z 0. with 
z/c = ./(t — r?/a?) (where r? = x? + y?), in accordance with (4.3). This gives 


The field potential is given in all space by formula (4.19), where we put c = 0 and express £ in terms of r and z by 
means of equation (4.1) with c = 0, u = č, a = b: 


4 


2a’ 2 


e 
6 =“ tan] Se re | 
a r? +z —@24 /[(r2 42? -aY + 4a*z7 | 


fier the edge of the disc, we replace r and z by coordinates p and @ such that z = psin@, r = a — p cos 0 


i 
n agreement with the general result derived in §3, Problem 3. 
P ; ; 
ROBLEM 2. Determine the electric quadrupole moment of a charged ellipsoid. 


So A 
A ron. The quadrupole moment tensor of a charged conductor is defined as Dy, = e(3x;x, — r°ô x), where 
Otal charge, and the bar denotes an average such as 


= a 
XX, = = $ x;X,0 df. 


It iseyi 
a evident that the axes of the ellipsoid are also the principal axes of the tensor D. Using formula (4.16) for a, 
~~ tor the element of surface of the ellipsoid the expression 


dxdy dxdy fe ae a 
df = ———_-- = -; = 
A A vz zje? J E tata 
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where v is a unit vector normal to the surface, we obtain 





[ea dy = 4c’; 


the integration over x and y covers twice the area of the cross-section of the ellipsoid by the xy-plane. Thus 
Ds = 4e(2a’ —b?— ce) Da = te(2b? -¢-— a’), De = 4e(2c? ox a’ iz b’). 


PROBLEM 3. Determine the distribution of charge on the surface of an uncharged conducting ellipsoid placed 
in a uniform external field. 


SOLUTION. According to formula (1.9) we have 


vl.” “Laas | 
p= I | =- = | 
An Lên |x-o Anh, ÔÈ jx-0 


by (4.5) the element of length along the normal to the surface of the ellipsoid is h, dé. Substituting (4.24) and using 


the fact that 
lacs |= "Lae 
Vo — —— = = ra B 
hy ĉč Jx-g = L2a°hy je=0 


we have o = Ev, /4nn® when the external field is in the x-direction. When the direction of the external field is 
arbitrary this becomes 








l 1 v 
4n 


4n[n™ = nD? n? 


PROBLEM 4. The same as Problem 3, but for a plane circular disc with radius a lying parallel to the field.t 
Determine also the dipole moment of the disc. 


SOLUTION. Let us regard the disc as the limit of a spheroid when the semiaxis c tends to zero. The 
depolarizing factor along this axis (the z-axis) tends to t, and those along the x and y axes tend to zero: n 
= 1 —nc/2a,n™ = n® = nc/4a, by (4.34). The component v, of the unit vector along the normal to the surface of 
the spheroid tends to zero: 


==) t 2L 
x [XL+ 227\72 xe xef =) 3 
‘ite | a > ae n a ; 
x 2 at cî 5 Z z 2 2 





Hence the charge density is 
Cv | Œp cos¢ 


6 =, Se 
Ann™® m / (a? —p?) 


where p and ¢ are polar coordinates in the plane of the disc. 





+ The problem for a disc lying perpendicular to the field is trivial: the field remains uniform in all space, and 
charges o = + €/4n are induced on the two sides of the disc. 
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The dipole moment of the disc is obtained from formula (4.26), and is P = 4a? €/3z. Thus it is proportional to 
a3, and not to the “volume” a’c of the disc. 


PROBLEM 5. Determine the field potential outside an uncharged conducting spheroid with its axis of 
symmetry parallel to a uniform external field. 


SoLUTION. For a prolate spheroid (a > b = c, with the field € in the x-direction) we find, on calculating the 
integral in formula (4.24), 


_tanh™* /[(@? -b)+ / ie vere 


= —€ 
P x tanh~!./(1—b?/a2)— /(1 — b?/a*) 


The coordinate č is related to x and p = \/(y? +2?) by 
2 2 
HOE nian 
b7+& a +ë 
with 0 < č < œ in the space outside the ellipsoid. 
For an oblate spheroid (a = b > c) the field € is along the z-axis. We must therefore replace s + a? by s +c? and 
put o = — Ẹz in the integrals in (4.24). Then 


k Ve etian EVE FEN 
J/@/e-1)—tan™! \/(a?/c? — 1) 


where the coordinate č is related to z and p = <i) (x? +y?) by 


d= -€z 


p? 22 
pe fl 
até +ë 
PROBLEM 6. The same as Problem 5, but with the axis of symmetry perpendicular to the external field 


SOLUTION. For a prolate spheroid (with the field along the z-axis) 


E e f _ VE +a? V(b + b?)— (a? — by} tanh™' J [(a? -b°)/(¢ +a?)] l, 
a/b? — (a? —b?)~*tanh~? ./(1 — b?/a?) 
For an oblate spheroid (with the field along the x-axis) 
Pe cx f _(@ -eitan Sie- PNE- VENEH) l 
(a? —c?)-itan™!,/(a?/c? — 1)— c/a? 


PROBLEM 7. A uniform field € in the z-direction (in the half-space z < 0) is bounded by an earthed 


oe plane at z = 0, containing a circular aperture. Determine the field and charge distribution on the 


i oN. The xy-plane with a circular aperture of radius a and centre at the origin may be regarded as the 
or the hyperboloids of revolution of one sheet 


p z2 


a°— |n| Inl 





= p? =x? +y}, 


7 a , These hyperboloids are one of the families of coordinate surfaces in a system of oblate spheroidal 
Ei A with c = 0. The Cartesian coordinate z, according to (4.9), is given in terms of č and n by 
aad poe and ay č must be taken with the positive and negative sign in the upper and lower half-space 






ts seek a solution in the form $ = —€zF(é) For the function F(é) we obtain 
de a a 

F(¢) = constant x |-~—-—— = constant | San ; 

€3(€ +a?) es JE o A 


Onstant of integration is put equal to zero in accordance with the condition ¢@ = 0 for z> +œ, i.e. 

+ œ. The inverse tangent of a negative quantity must be taken as tan~! (a/— /é) = n—tan~! (a/ be) 
E as — tan`! (a/ ay č} since the potential would then be discontinuous at the aperture (€ = 0) The constant 
“lent is chosen so that, for z > — œ (i.e. for /€—> — coandtan™! (a/./) > n). p + — Ez, and so we finally 
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have 


On the conducting plane y = 0 and the potential is zero, as it should be. 
At large distances r = ./ (z* +p”) from the aperture we have ¢ = r2, and the potential (in the upper half- 


space) is 
Œa? L /— 
b= a? y-n = €a3z/3nr’, 
3n «CE 





ie. we have a dipole field, the moment of the dipole being # = Ea) /3n. 
The field decreases as 1 /r°, and therefore the flux of the field through an infinitely remote surface (in the half- 


space z > 0) is zero. This means that all the lines of force passing through the aperture reach the upper side of the 
conducting plane. 


The distribution of charge on the conducting plane is given by 


z j} j = a Od $ & ee a a | 

g = — | —— = — —_— an - A 

n| dz lo 4% /€d/—n ~ m Ve ee 

where the upper and lower signs refer to the upper and lower sides of the plane respectively. According to the 


formula 


p a I 
—— aS 
ate. € 


which relates č to p, z, we have re | (Me Ni (p? — a”) on the plane z = 0. Thus the charge distribution on the lower 
side of the conducting plane is given by the formula 


G ( ea a ) 
o= ——>|n-sIn — $ 
ae E p JPA) 
As p > œ we have o = — Ẹ/4n, as we should expect. On the upper side 





Ç ( a eer z) 
Er ——sin — ]. 
An? Je" —a*) p 
The total induced charge on the upper side of the plane is finite: 


€e = | o-2np-dp = -40 Ç. 


PROBLEM 8. The same as Problem 7, but for a plane with a slit of widtb 2b. 


SOLUTION. The xy-plane with a slit along the x-axis may be regarded as the limit of the hyperbolic cylinders 


yS z? a 
b?—|n] Ini 
as |n| > 0. These hyperbolic cylinders are one of the families of coordinate surfaces in a system of ellipsoidal 
coordinates with a > œ, c+ 0. The Cartesian coordinate z = (¢|1|)/b. 
As in Problem 7, we seek a solution in the form ġ = — €zF(é). obtaining for the function F 


F = constant x la oy By 


Here the coefficient and the constant of integration are determined by the conditions that F = 0 and 1 fof 
z— +œ and — œ respectively (i.e. for ,/č > +œ and — œ), and the final result 1s 


& Ez 
h = 5, VE +b F Vel Il. 


where we now take a & positive and the two signs +} correspond to the regions Z > 0 and z < 0. 


At large distances from the slit we have in the upper half-space č = y?+z? =r’, and the potential is 
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p = ibe J (Inl/€) = 4 €b?z/r?, i.e. the field of a two-dimensional dipole of moment 4€b? per unit length of the 
slit (see the formula in §3, Problem 2). 
The distribution of charge on the conducting plane is given by 


o= — =( i F 1) 
87 : / (y? — b?) 
The total induced charge on the upper side of the plane, per unit length of the slit, is 


%0 


e = 2| o dy = — €b/4n. 
b 
Near the edge of the slit we can take č +0 in the expression for (č, 7), obtaining 
n = —2bp sin?40, 
where p and @ are polar coordinates in the yz-plane, measured from the slit edge (y = b +p cos @, z = p sin 0). 
Then 
$ = E,/(4bp)sin 30, 


in agreement with the result in §3, Problem 3, for the case 6, < 1. 


§5. The forces on a conductor 


In an electric field certain forces act on the surface of a conductor. These forces are easily 
calculated as follows. 
The momentum flux density in an electric field ina vacuum is given by the Maxwell stress 
tensor:t 


1 
— Oik 7 g QE Ôu — E;E,). 


The force on an element df of the surface of the body is just the flux of momentum through 
it from outside, and is therefore o,,df,, = 0,,n,df (the sign is changed because the normal 
vector n is outwards and not inwards). The quantity on, is thus the force F, per unit area 
of the surface. Since, at the surface of a conductor, the field E has no tangential component, 
we obtain 

F, = nE?/8z, (5.1) 
or, introducing the surface charge density ø. 

F, = 270°n = 16E. 


€ therefore conclude that a negative pressure’ acts on the surface of a conductor; it is 


ected along the outward normal to the surface, and its magnitude is equal to the energy 
€nsity in the field. 


The total force F on the conductor is obtained by integrating the force (5.1) over the 
Whole surfacet: 


F = $(E?/8x) df. (5.2) 


_ A = §33. The stress tensor g; is usually defined with the opposite sign to the momentum flux density 

definit; 1S efinition has been used elsewhere in the Course of Theoretical Physics, but by an oversight the 
iton of o, in Fields, §33, had the other sign. 

=N ł In the present case we are applying this formula to a surface which does not precisely coincide with that of the 

P but is some distance away, in order to exclude the effect of the field structure near the surface (see §1). 
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Usually, however, it is more convenient to calculate this quantity from the general laws of 
mechanics, by differentiating the energy X. The force, in the direction of a coordinate q, 
acting on a conductor is —ô Y /ðq, where the derivative signifies the rate of change of 
energy when the body is translated in the qg-direction. The energy must be expressed in 
terms of the charges on the conductors (which give rise to the field), and the differentiation 
is performed with the charges constant. Denoting this by the suffix e, we write 


F, = —(0%/04),. (5.3) 
Similarly, the projection, on any axis, of the total moment of the forces on the conductor iS 
= —(0U/oW)., (5.4) 


where y is the angle of rotation of the body about that axis. 

If, however, the energy is expressed as a function of the potentials of the conductors, and 
not of their charges. the calculation of the forces from the energy requires special 
consideration. The reason is that, to maintain constant the potential of a moving 
conductor, it is necessary to use other bodies. For example, the potential of a conductor can 
be kept constant by connecting it to another conductor of very large capacitance, a “charge 
reservoir”. On receiving a charge e,, the conductor takes it from the reservoir, whose 
potential @, is unchanged on account of its large capacitance, although its energy is 
reduced by e,¢,. When the whole system of conductors receives charges e,, the energy of 
the reservoirs connected to them changes by a total of — Ye,¢,- Only the energy of the 
conductors, and not that of the reservoirs, appears in X. In this sense we can say that % 
pertains to a system which is not energetically closed. Thus, for a system of conductors 


whose potentials are kept constant, the part of the mechanical energy is played not by %, 
but by 


Y = UY eho (5.5) 


Substituting (2.2), we find that % and @ differ only in sign: 
A= — U. (5.6) 
The force F, is obtained by differentiating & with respect to q for constant potentials, i.e. 
F, = —(0%/0q), = (0 U/0d)g. (5.7) 


Thus the forces acting on a conductor can be obtained by differentiating % either for 
constant charges or for constant potentials, the only difference being that the derivative 
must be taken with the minus sign in the first case and with the plus sign in the second. 
The same result could be obtained more formally by starting from the differential 

identity 
du =) ¢$,de,— Fda, (5.8) 


in which X is regarded asa function of the charges on the conductors and the coordinate 4- 
This identity states that ô U /ĝðe, = Pa and é@W/éq = — F, Using the variables @, instead of 
e, we have 


d@ = — Y e,da — F,0q. (5.9) 


which gives (5.7). 
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At the end of §2 we have discussed the energy of a conductor in a uniform external 
electric field. The total force on an uncharged conductor in a uniform field is, of course, 
zero. The expression for the energy (2.14) can, however, be used to determine the force 
acting on a conductor in a quasi-uniform field €, i.e. a field which varies only slightly over 
the dimensions of the conductor. In such a field the energy can still be calculated, to a first 
approximation, from formula (2.14), and the force F is the gradient of this energy: 


F = — grad X = 50,,V grad (€,G,). (5.10) 


The total torque K is in general non-zero even in a uniform external field. By the general 
laws of mechanics K can be determined by considering an infinitesimal virtual rotation of 
the body. The change in energy in such a rotation is related to K by Y = —K-ôŲẸ, do 
being the angle of the rotation. A rotation through an angle dW in a uniform field is 
equivalent to a rotation of the field through an angle — dy relative to the body. The change 
in the field is 6€ = — dW x €. and the change in energy is 


ÖU = (0U/0E)-5E = —SY-ExdU/0€. 


But 6W@/o0€ = — P, as we see from a comparison of formulae (2.13) and (2.14). Hence 
= — €- 
ô U P xE - dy, whence K = Px€ (5.11) 


in accordance with the usual expression given by the theory of fields in a vacuum. 

If the total force and torque on a conductor are zero, the conductor remains at rest in the 
field, and effects involving the deformation of the body (called electrostriction) become 
important. The forces (5.1) on the surface of the conductor result in changes in its shape 
and volume. Because the force is an extending one, the volume of the body increases. A 
complete determination of the deformation requires a solution of the equations of the 
theory of elasticity, with the given distribution of forces (5.1) on the surface of the body. If, 
however, we are interested only in the change in volume, the problem can be solved very 
simply. 

To do so, we must bear in mind that, if the deformation is slight (as in fact is true for 
electrostriction), the effect of the chan ge of shape on the change of volume is of the second 
order of smallness. In the first approximation, therefore, the change in volume can be 
regarded as the result of deformation without change in shape, i.e. as a volume expansion 
under the action of some effective excess pressure AP which is uniformly distributed over 
the surface of the body and replaces the exact distribution given by (5.1). The relative 
change in volume is obtained by multiplying AP by the coefficient of uniform expansion of 
the substance. The pressure AP is given, according to a well-known formula, by the 
derivative of the electric energy % of the body with respect to its volume: AP = 
=O U NOV + 

Let the deforming field be due to the charged conductor itself. Then the energy W 


Ec , and the pressure is AP = —4e?6C~1/@V. For a given shape, the capacitance of 
Body (having the dimensions of length) is proportional to the linear dimension, i.e. to 
V*3 Hence 
AP = e2/6CV = ed/6V. (5.12) 
ee 


: t The quantity thus determined is the pressure exerted on the surface by the body itself; the pressure acting on 
a surface from outside is obtained by changing the sign. 
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If an uncharged conductor is situated in a uniform external field ©, its energy is given by 
formula (2.14) The extending pressure is therefore 


AP = 30, €,€,. (5.13) 


PROBLEMS 


PROBLEM 1. A small conductor with capacitance c (equal in order of magnitude to its dimension) is at a 
distance r from the centre of a spherical conductor with large radius a (> c). The distancer — a from the conductor 
to the surface of the sphere is supposed large compared with c, but not large compared with a. The two conductors 
are joined by a thin wire, so that they are at the same potential ¢. Determine the force of their mutual repulsion. 


SOLUTION. Since the conductor c is small, we can suppose that its potential is the sum of the potential da/r at 
a distance r from the centre of the large sphere and the potential e/c due to the charge e on the conductor itself. 
Hence ¢ = ¢a/r+e/c, or e = cd (1 — ajr). The required force of interaction F is the Coulomb repulsion between 
the charge e on the conductor and the charge ad on the sphere: 


ach? a 
F=—(1—-}. 
r r 


This expression is correct to within terms of higher order in c. The force is greatest when r = 3a/2, and its value 
there is Fmax = 4¢¢7/27a, decreasing on either side of this distance. 





PROBLEM 2. A charged conducting sphere is cut in half. Determine the force of repulsion between the 
hemispheres.t 


SOLUTION. We imagine the hemispheres separated by an infinitely narrow slit, and determine the force F on 
each of them by integrating over the surface the force (E2/8z) cos 0, which is the component of (5.1) in a direction 
perpendicular to the plane of separation of the hemispheres. In the slit E = 0, and on the outer surface E = e/a’, 
where a is the radius of the sphere and e the total charge on it. The result is F = e?/8a’. 


PROBLEM 3. Thesameas Problem 2, but for an uncharged sphere in a uniform external field € perpendicular 
to the plane of separation. 


SOLUTION. Asin Problem 2, except that the field on the surface of the sphere is E = 3 € cos 6 (§3, Problem 1). 
The required force is F = 9a? €7/16. 


PROBLEM 4. Determine the change in volume and in shape of a conducting sphere in a uniform external 
electric field. 


SOLUTION. The change in volume AV/V = AP/K, where K is the modulus of volume expansion of the 
material, and AP is given by formula (5.13). For a sphere, a, = 6,0 = 35,/4n (§3, Problem 1), so that 
AV/V = 3€?/8nK. 

Asa result of the deformation, the sphere is changed into a prolate spheroid. To determine the eccentricity, we 
may regard the deformation as a uniform pure shear in the volume of the body, just as, to determine the change in 
the total volume, we regarded it as a uniform volume expansion. 

The condition of equilibrium for a deformed body may be formulated as requiring that the sum of the 
electrostatic and elastic energies should be a minimum. The former is, by (2.12) and (4.26), 


V 3E? 3Va-—b 3 
Ua = —— E? = - ——— G?. 
8an 8x lOr R 








where R is the original radius of the sphere, a and b the semiaxes of the spheroid, and n = 4—4(a— b)/15R is the 
depolarizing factor (see (4.33).) 

Since the deformation is axially symmetrical about the direction of the field (the x-axis), only the components 
u,, and u,, = u,, of the strain tensor are non-zero. Since we are considering equilibrium with respect to a change 
in shape, we can regard the volume as unchanged, i.e. u; = 0. Hence the elastic energy may be written 


Uel =- Fu ix V= 4 (0, E O yy) (uxx oes Uyy) V, 


ens 


+ In Problems 2 and 3 we assume that the hemispheres are at the same potential. 
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where c; is the elastic stress tensor (TE, §4). We have o,,.—o,, = 2(u,,, — u,,). where p is the modulus of rigidity of 
the material, and u,, —u,, = (a—b)/R. Hence 


ey = ĉu(a — b}? V /RŻ 
Making the sum Yes + Ve a minimum, we have (a—b)/R = 9€?/40ny. 


PROBLEM 5. Find the relation between frequency and wavelength for waves propagated on a charged plane 
surface of a liquid conductor (in a gravitational field). Obtain the condition for this surface to be stable (Ya. I. 
Frenkeľ, 1935). 


SOLUTION. Let the wave be propagated along the x-axis, with the z-axis vertically upwards. The vertical 
displacement of points on the surface of the liquid is € = ae““*~ ©, When the surface is at rest. the field above it is 
E, = E = 4noo, and its potential 6 = — 4nogz, where oo is the surface charge density. The potential of the field 
above the oscillating surface can be written as ¢ = —4z09z+¢,, with ¢, = constant x ee" ¢ being a 
small correction which satisfies the equation A ¢, = 0 and vanishes for z > œ. On the surface itself. the potential 
must have a constant value, which we take to be zero, and so ¢, = 4n0,¢ for z = 0. 

According to (5.1), an additional negative pressure acts on the charged surface of the liquid; this pressure is, as 
far as terms of the first order in ¢,, E?/8x = E,?/8n = 2no9? + [koo¢, ],-9 = 20097 +4700 kt. The constant 
term 270," is of no importance, since it can be included in the constant external pressure. 

The consideration of the hydrodynamical motion in the wave is entirely analogous to the theory of capillary 
waves (FM, §61), differing only by the presence of the additional pressure mentioned above. At the surface of the 
liquid we have the boundary condition pgf + p[0®/ôt], -o — «07C/0x? — 4no,7kt = 0, where « is the surface- 
tension coefficient, p the density of the liquid, and Ọ its velocity potential. ® and ¢ are also related by 
0¢/et = [0®/6z],~o. Substituting in these two relations ¢ = ae**"“ and ® = Ae*"e-™ (@ satisfies the 
equation A® = 0) and eliminating a and A, we find the required relation between k and a: 


w? = k(gp — 4no97k + ak?)/p. (1) 


If the surface of the liquid is to be stable, the frequency œw must be real for all values of k (since otherwise there 
would be complex œw with a positive imaginary part, and the factor e “‘ would increase indefinitely). The 
condition for the right-hand side of (1) to be positive is (4no9”)? —4gpa < 0, or oof < gpa/4n?. This is the 
condition for stability. 


PROBLEM 6. Find the condition of stability for a charged spherical drop (Rayleigh, 1882). 


SOLUTION. The sum of the electrostatic and surface energies of the drop is X = e?/2C +S, where « is the 
surface-tension coefficient of the liquid, C the capacitance of the drop and S its surface area. Instability occurs 
(with increasing e) with respect to deformation of the sphere into a spheroid, and does so when & becomes a 
decreasing function of the eccentricity (for a given volume). The spherical shape always corresponds to an 
extremum of %; the stability condition is therefore [¢? %/é(a — b} la- > 0, where a and b are the semiaxes of the 
spheroid, and the differentiation is carried out with ab? = constant. Using the formula for the surface of a 
spheroid and (4.18) for its capacitance, we find after a somewhat lengthy calculation e? < 16ra?a. 

This condition ensures stability of the drop with respect to small deformations. It is found to be weaker than the 


Condition for stability with respect to large deformations that divide the drop into two equal drops with charge 4e 
and radius a/2*/3- 


e? < 16na%a (21/3 — 1)/(2— 21) = 0.35 x 16ra?a. 





CHAPTER II 


ELECTROSTATICS OF DIELECTRICS 


§6. The electric field in dielectrics 


WESHALLnow go on to consider a static electric field in another class of substances, namely 
dielectrics. The fundamental property of dielectrics is that a steady current cannot flow in 
them. Hence the static electric field need not be zero, as in conductors, and we have to 
derive the equations which describe this field. One equation is obtained by averaging 
equation (1.3), and is again 
á curl E = 0. (6.1) 
A second equation is obtained by averaging the equation div e = 4rp: 
div E = 4zp. (6.2) 


Let us suppose that no charges are brought into the dielectric from outside, which is the 
most usual and important case. Then the total charge in the volume of the dielectric is zero; 
even if it is placed in an electric field we have (pdV = 0. This integral equation, which must 
be valid for a body of any shape, means that the average charge density can be written as 
the divergence of a certain vector, which is usually denoted by —P: 


p = —divP, (6.3) 


while outside the body P = 0. For, on integrating over the yolume bounded by a surface 
which encloses the body but nowhere enters it, we find [pdV = —| div P dV = — $P -df 
— 0. P is called the dielectric polarization, or simply the polarization, of the body. A 
dielectric in which P differs from zero is said to be polarized. The vector P determines not 
only the volume charge density (6.3), but also the density o of the charges on the surface of 
the polarized dielectric. If we integrate formula (6.3) over an element of volume lying 
between two neighbouring unit areas, one on each side of the dielectric surface, we have, 
since P = 0 on the outer area (cf. the derivation of formula (1.9), 


c=P, (6.4) 


where P, is the component of the vector P along the outward normal to the surface. 

To see the physical significance of the quantity P itself, let us consider the total dipole 
moment of all the charges within the dielectric; unlike the total charge, the total dipole 
moment need not be zero. By definition, it is the integral f rød F. Substituting p from (6.3) 
and again integrating over a volume which includes the whole body we have 


{rpdv = — {rdiv PdV = — ¢r(df-P)+ {(P-grad)r dV. 
The integral over the surface 1s zero, and in the second term we have (P - grad)r = P, so 


that [radv = f Pdr. (6.5) 
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Thus the polarization vector is the dipole moment (or electric moment) per unit volume of 
the dielectric.t 
Substituting (6.3) in (6.2), we obtain the second equation of the electrostatic field in the 


form ; 
div D = 0, (6.6) 


where we have introduced a quantity D defined by 
D = E+ 4rP, (6.7) 


called the electric induction.The equation (6.6) has been derived by averaging the density of 
charges in the dielectric. If, however, charges not belonging to the dielectric are brought in 
from outside (we shall call these extraneous charges), then their density must be added to 
the right-hand side of equation (6.6): 

div D = 47P ex- (6.8) 


On the surface of separation between two different dielectrics, certain boundary 
conditions must be satisfied. One of these follows from the equation curl E = 0. If the 
surface of separation is uniform as regards physical properties,t this condition requires the 
continuity of the tangential component of the field: 


E, = E23 (6.9) 


cf. the derivation of the condition (1.7). The second condition follows from the equation 
div D = 0, and requires the continuity of the normal component of the induction: 


Dar = Pn2- (6.10) 


For a discontinuity in the normal component D, = D, would involve an infinity of the 
derivative @D,/@z, and therefore of div D. 

At a boundary between a dielectric and a conductor, E, = 0, and the condition on the 
normal component is obtained from (6.8): 


E,=0, D, = 4nox, (6.11) 


where o,, is the charge density on the surface of the conductor, cf. (1.8), (1.9). 


87. The permittivity 


In order that equations (6.1) and (6.6) should form a complete set of equations 
determining the electrostatic field, they must be supplemented by a relation between the 
induction D and the field E. In the great majority of cases this relation may be supposed 
linear. It corresponds to the first terms in an expansion of D in powers of E, and. its 
correctness is due to the smallness of the external electric fields in comparison with the 
internal molecular fields. 

The linear relation between D and E is especially simple in the most important case, that 


+ It should be noticed that the relation (6.3) inside the dielectric and the condition P = 0 outside do not in 
themselves determine P uniquely; inside the dielectric we could add to P any vector of the form curl f. The exact 
form of P can be completely determined only by establishing its connection with the dipole moment. 

t That is, as regards composition of the adjoining media. temperature, etc. If the dielectric is a crystal, the 
surface must be a crystallographic plane. 
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of an isotropic dielectric. It is evident that, in an isotropic dielectric, the vectors D and E 
must be in the same direction. The linear relation between them is therefore a simple 
proportionality: 

D = cE. (7.1) 


The coefficient ¢ is the permittivity or dielectric permeability or dielectric constant of the 
substance and is a function of its thermodynamic state. 
As well as the induction, the polarization also is proportional to the field: 


P = KE = (e— 1)E/4r. (7.2) 


The quantity x is called the polarization coefficient of the substance, or its dielectric 
susceptibility. Later (§14) we shall show that the permittivity always exceeds unity; the 
polarizability, accordingly, is always positive. The polarizability of a rarefied medium (a 
gas) may be regarded as proportional to its density. 
The boundary conditions (6.9) and (6.10) on the surface separating two isotropic 
dielectrics become 
E = Ez EEn = &2E,2- (7.3) 


Thus the normal component of the field is discontinuous, changing in Inverse proportion 
to the permittivity of the medium. 

In a homogeneous dielectric, € = constant, and then it follows from div D = 0 that 
div P = 0. By the definition (6.3) this means that the volume charge density in such a body 
is zero (but the surface density (6.4) is in general not zero). On the other hand, in an. 
inhomogeneous dielectric we have a non-zero volume charge density 

e—1 1 e—1 
D = —-—D -grad- 
4r 


E 





; ` 1 
p= —divP = —div = ———E-grade. 
Ae 


Ane 
If we introduce the electric field potential by E = — grad, then equation (6.1) is 
automatically satisfied, and the equation div D = div cE = 0 gives 


div (e grad ġ) = 0. (7.4) 


This equation becomes the ordinary Laplace’s equation only in a homogeneous dielectric 
medium. The boundary conditions (7.3) can be rewritten as the following conditions on the 
potential: 


pı E Po, (7.5) 


€,0p,/0n = e,ĉQ2/0N; 


the continuity of the tangential derivatives of the potential is equivalent to the continuity of 
ġ itself. 

In a dielectric medium which is piecewise homogeneous, equation (7.4) reduces in each 
homogeneous region to Laplace’s equation /\¢ = 0, so that the permittivity appears in the 
solution of the problem only through the conditions (7.5). These conditions, however, 


+ This relation, which assumes that D and E vanish simultaneously, is, strictly speaking, valid only in 
dielectrics which are homogeneous as regards physical properties (composition, temperature, etc.). In 
inhomogeneous bodies D may be non-zero even when E=O0, and is determined by the gradients of 
thermodynamic quantities which vary through the body. The corresponding terms, however, are very small, and 
we shall use the relation (7.1) in what follows, even for inhomogeneous bodies. 


§7 The permittivity 37 


involve only the ratio of the permittivities of two adjoining media. In particular, the 
solution of an electrostatic problem for a dielectric body with permittivity £3, surrounded 
by a medium with permittivity €,, is the same as for a body with permittivity ¢,/e€,, 
surrounded by a vacuum. 

Let us consider how the results obtained in Chapter I for the electrostatic field of 
conductors will be modified if these conductors are not in a vacuum but in a homogeneous 
and isotropic dielectric medium. In both cases the potential distribution satisfies the 
equation “.¢ = 0, with the boundary condition that ¢ is constant on the surface of the 
conductor, and the only difference is that, instead of E, = —¢cd/cn = 4no. we have 


D, = —&0d/en = 4n0, (7.6) 


n 


giving the relation between the potential and the surface charge. Hence it is clear that the 
solution of the problem of the field of a charged conductor in a vacuum gives the solution 
of the same problem with a dielectric in place of the vacuum if we make the formal 
substitution @ — ed, e —> e or 6 > Q, e+ e/e. For given charges on the conductors, the 
potential and the field are reduced by a factor e in comparison with their values in a 
yacuum. This reduction in the field can be explained as the result of a partial “screening” of 
the charge on the conductor by the surface charges on the adjoining polarized dielectric. If, 
on the other hand, the potentials of the conductors are maintained, then the field is 
unchanged but the charges are increased by a factor e.t 

Finally. it may be noted that in electrostatics we may formally regard a conductor 
(uncharged) as a body of infinite permittivity, in the sense that its effect on an external 
electric field is the same as that of a dielectric (of the same form) as £ > œ. For. since the 
boundary condition on the induction D is finite, D must remain finite in the body even for 
€> oo. This means that E — 0, in accordance with the properties of conductors. 


PROBLEMS 


PROBLEM 1. Determine the field due toa point charge e at a distance h froma plane boundary separating two 
different dielectric media. 


f SOLUTION. Let O be the position of the charge e in medium 1, and O’ its image in the plane of separation, 
o in medium 2 (Fig. 11, p. 38). We shall seek the field in medium 1 in the form of the field of two point 
F rges, e and a fictitious charge e’ at O' (cf. the method of images, §3): 6, = e/e,r + e’/e,r’, where rand r' are the 
; a from O and O' respectively. In medium 2 we seek the field as that of a fictitious charge e” at O: 

2~ € /€2r. On the boundary plane (r = r’) the conditions (7.5) must hold, leading to the equations e — e’ = E, 
(e+e')/e, = e” /€,, whence 

e' =e(c,—€,)/(€, +£) €” = 2e ej (E; + £5). (1) 
For ¢, => oO fee A=. — tf) 3 i i i 
conducting e have e’ = —e. ġ, = 0, i.e. the result obtained in §3 for the field of a point charge near a 


The force acting on the charge e (the image force) is 


ee’ ( e ) ieee 2 
F =——_ =|— } —_—_; 
(2hy’e, \2h/ ele, +£) 
F > 0 corresponds to repulsion. 


S PROBLEM 2. The same as Problem 1, but for an infinite a eee et ware parallel to a plane boundary 
urface at a distance h. 


_ —_, 








: 3 From this it follows, in particular, that when a capacitor is filled with a diclectic 1ts capacitance increases by a 
Ctor F, 


B 
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Fic. 11 
SOLUTION. As in Problem 1, except that the field potentials in the two media are @, = — (2e/e,) log r 
— (2e'/e,) logr’, @, = —(2e”/e,) log r, where e, e', e” are the charges per unit length of the wire and of its images, 


and r, r’ are the distances in a plane perpendicular to the wire. The same expressions (1) are obtained for e’, e”, and 
the force on unit length of the wire is F = 2ee’/2he, = e?(€, —€2)/he,(€, + £2). 


PROBLEM 3. Determine the field due to an infinite charged straight wire in a medium with permittivity £4, 
lying parallel to a cylinder with radius a and permittivity €,, at a distance b (> a) from its axis. 


SOLUTION. We seek the field in medium 1 as that produced in a homogeneous dielectric (with €,) by the 
actual wire (passing through O in Fig. 12), with charge e per unit length, and two fictitious wires with charges e’ 
and — e’ per unit length, passing through A and O’ respectively. The point A is at a distance a?/b from the axis of 
the cylinder. Then, for all points on the circumference, the distances r and r from O and A are ina constant ratio 
r' /r = a/b,and so it is possible to satisfy the boundary conditions on this circumference. In medium 2 we seek the 
field as that produced ina homogeneous medium (with €,) by a fictitious charge e” on the wire passing through O. 

The boundary conditions on the surface of separation are conveniently formulated in terms of the potential ¢ 
(E = —gradq) and the vector potential A (cf. §3), defined by D = curl A (in accordance with the equation 
div D = 0). In a two-dimensional problem, A is in the z-direction (perpendicular to the plane of the figure). The 
conditions of continuity for the tangential components of E and the normal component of D are equivalent to 
$i = $2, A, = A3- 

For the field of a charged wire we have in polar coordinates r, 6 the equation @ = —(2e/e)logr + constant, 
A = 2eb + constant; cf. (3.18). Hence the boundary conditions are 


2 e” 
—(—elogr—e’logr’ + e’ log a) = — —logr + constant, 
Ey £2 


2[e0 +e — e'(0+0)] = 2e"0, 


OO’ =b 
AO’ =0¥b 
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+ The corresponding problem of a point charge near a dielectric sphere cannot be solved in closed form. l 


§8 ` A dielectric ellipsoid 39 


where the angles are as shown in Fig. 12, and we have used the fact that OO’B and BO'A are similar triangles. 
Hence £2(¢ + e’) = £,e”, e—e’ = e", and the expressions for e’ and e” are again formulae (1) of Problem 1. 
The force acting on unit length of the charged wire is parallel to OO’,” and is 


D =( 1 1 ) 2e? (£; —£,)a? 


Poche |=) a 
E& \OA O0'/] £ (£, +62)b(b? —a?) 


F > O corresponds to repulsion. In the limit a. b > œ, b—a-~+h, this gives the result in Problem 1. 








PROBLEM 4. The same as Problem 3, but for the case where the wire is inside a cylinder with permittivity 
E2 (b < a). 


SOLUTION. We seek the field in medium 2 as that due to the actual wire, with charge e per unit length (O in 
Fig. 13), and a fictitious wire with charge e’ per unit length passing through A, which is now outside the cylinder. 
In medium ! we seek the field as that of wires with charges e” ande — e” passing through O and O' respectively. By 
the same method as in the preceding problem we find e = — e(€, — £2)/(€, + £2), €” = 2e,e/(e, + &,). For £, > £; 
the wire is repelled from the surface of the cylinder by a force 


2ee’ 1 2e7(&, —€,)b 
E, OA £,(€, + €,)(a? — b?) 
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PROBLEM 5. Show that the field potential P(g) at a point rg in an arbitrary inhomogeneous dielectric 
medium, due to a point charge e at r4, is equal to the potential fp(t 4) at r4 due to the same charge at rp. 


SOLUTION. The potentials ¢4(r) and @p(r) satisfy the equations 
div (£ grad $4) = —4ned(r—r,), div (£ grad dp) = — 4ned(r — rp). 
Multiplying the first by g and the second by $4 and subtracting, we have 
div ($ pegrad¢ 4) — div ($4 £ grad $B) = —4neô(r — r 4)$ plr) + 4neô(r — rp) atr). 


I : 
ntegration of this equation over all space gives the required relation: 


$ a(tg) = plr 4). 


$8. A dielectric ellipsoid 


The polarization of a dielectric ellipsoid in a uniform external electric field has some 
Unusual properties which render this example particularly interesting. 
f Let us Consider first a simple special case, that of a dielectric sphere in an external field €. 
pe denote its permittivity by £®, and that of the medium surrounding it by e©. We take the 
tigin of spherical polar coordinates at the centre of the sphere, and the direction of € as 
the axis from which the polar angle @ is measured, and seek the field potential outside the 
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sphere in the form 6° = € -r+ A€ - r/r?; the first term is the potential of the external field 
imposed, and the second, which vanishes at infinity, gives the required change in potential 
due to the sphere (cf. §3, Problem 1, solution). Inside the sphere, we seek the field potential 
in the form ¢? = — BE -r, the only function which satisfies Laplace’s equation, remains 
finite at the centre of the sphere, and depends only on the constant vector € (which is the 
only parameter of the problem). 

The constants A and B are determined by the boundary conditions on the surface of the 
sphere. It may be seen at once, however, that the field in the sphere E® = B€ is uniform 
and differs only in magnitude from the applied field €. 

The boundary condition of continuity of the potential gives E® = €(1 — A/R*), where R 
is the radius of the sphere, and the condition of continuity of the normal component of the 
induction gives 

D® = &E(1 + 2A/R?). 


Eliminating A from these two equations, we obtain 

1p + 2e EÀ) = LE (8.1) 
or, substituting D® = eVE”, 

EO = 32 /(2e + 6), (8.2) 


The problem of an infinite dielectric cylinder in an external field perpendicular to its axis 
is solved in an entirely similar manner (cf. §3, Problem 2). The field inside the cylinder, like 
that inside the sphere in the above example, is uniform. It satisfies the relation 


LPO + OEM) = cE, (8.3) 


Or 
E® — 22'E /(e) +e), (8.4) 


The relations (8.1) and (8.3), in which the permittivity e® of the sphere or cylinder does 
not appear explicitly, are particularly important because their validity does not depend on 
a linear relation between E and D within the body; they hold whatever the form of this 
relation (e.g. for anisotropic bodies). The analogous relations 


FÒ — € (8.5) 
for a cylinder in a longitudinal field and 
DÀ = LOG (8.6) 


for a flat plate in a field perpendicular to it are similarly valid; these relations are evident at 
once from the boundary conditions. 

The property of causing a uniform field within itself on being placed in a uniform 
external field is found to pertain to any ellipsoid, whatever the ratio of the semiaxes a, b, c. 
The problem of the polarization of a dielectric ellipsoid is solved by the use of ellipsoidal 
coordinates, in the same way as the corresponding problem for a conducting ellipsoid 
in §4. 

Let the external field be again in the x-direction. The field potential outside the ellipsoid 
may again be sought in the form (4.22): ¢’, = oF (&), with the function F (č) given by (4.23). 
Such a function cannot, however, appear in the field potential ¢; inside the ellipsoid, since 
it does not satisfy the condition that the field must be finite everywhere inside the ellipsoid. 
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For let us consider the surface € = —c’, which is an ellipse in the xy-plane, with semiaxes 
V (a? — c?) and ./(b? — c?), lying within the ellipsoid. For + —c’, the integral (4.23) 
behaves as ,/(¢ + c?). The field, i.e. the potential gradient, therefore behaves as 1 ‘a (é +7), 
and becomes infinite at č = —c*. Thus the only solution suitable for the field inside the 
ellipsoid is F(Z) = constant, so that @; must be sought in the form ¢; = Boo. We see that 
the potential ¢; differs only by a constant factor from the potential ġo of the uniform field. 
Jn other words, the field inside the ellipsoid is also uniform. 

We shall not pause to write out the formulae for the field outside the ellipsoid. The 
uniform field inside the ellipsoid can be found without actually writing out the boundary 
conditions, by using some results already known. 

Let us first suppose that the ellipsoid is in a vacuum (£® = 1). Then there must bea linear 
relation between the vectors E®, D® and © (which are all in the x-direction), of the form 
aE. + bD,. = E, where the coefficients a, b depend only on the shape of the ellipsoid, 
and not on its permittivity e. The existence of such a relation follows from 
the form of the boundary conditions, as we saw above in the examples of the sphere and the 
cylinder. 

To determine a and b we notice that, in the trivial particular case e = 1, we have simply 
E = D = © and so a+b = 1. Another particular case for which the solution is known is 
that of a conducting ellipsoid. In a conductor E = 0, and the induction D®, though it has 
no direct physical significance, may be regarded formally as being related to the total dipole 
moment of the ellipsoid by DË = 4nP = 4n P/V. According to (4.26) we then have 
DÈ = €,/n™, i.e. b = n™, and so a= 1 —n™. Thus we conclude that 


Gee n™)) ro T pe po = Œ, (8.7) 
or 
E® = €,—4nn™P,. (8.8) 


The quantity 4xn’P, is called the depolarizing field.+ Similar relations, but with 

coefficients.n™, n”, hold for the fields in the y and z directions. Like the particular formulae 

(8.1) and (8.3), they are valid whatever the relation between E and D inside the ellipsoid. 
The field inside the ellipsoid is found from (8.7) by putting D®, = ePE®,: 


EO, = €,/[1+(e° —1)n™], (8.9) 
and the total dipole moment of the ellipsoid is 
P= VP, = (e — 1) VE® J4n = tabc(e — 1)€_,/[1 + (€ — 1) }. (8.10) 


ý If the field € has components along all three axes, then the field inside the ellipsoid is still 
niform, but in general not parallel to €. For an arbitrary choice of coordinate axes we can 
Write the relation (8.7) in the general form 


E® +n (D®,— E®,) = &,. (8.11) 


The p Er to the case where the permittivity of the medium differs from unity is 
effected by simply replacing « by £® e. Then formula (8.7) becomes 


(ane EO? a nS BO = eC (8.12) 


4 Similar formulae hold for a magnetized ellipsoid in a uniform external magnetic field (see §29). In this case 
, n™, n® are called demagnetizing factors. 
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This formula can be applied, in particular, to the field inside an ellipsoidal cavity in an 
infinite dielectric medium. In this case e® = 1. 


PROBLEMS+t 


PROBLEM 1. Determine the torque on a spheroid in a uniform electric field. 


SOLUTION. According to the general formula (16.13), the torque on an ellipsoid is K = # x €, where # is the 
dipole moment of the ellipsoid. In a spheroid, the vector # is ina plane passing through the axis of symmetry and 
the direction of €. The torque is perpendicular to this plane, and a calculation of its magnitude from formulae 
(8.10) gives 

(e — 1)7|1 —3n|]€?V sin 2a 
 “8n[net1—n][(i—net len] 
where a is the angle between the direction of € and the axis of symmetry of the spheroid, and n is the 
depolarizing factor along the axis (so that the depolarizing factors in the directions perpendicular to the axis are 
4(1 —n)). The torque is directed so that it tends to turn the axis of symmetry of a prolate (n < 4) or oblate (n > 4) 


ellipsoid parallel or perpendicular to the field respectively. 
For a conducting ellipsoid (£ — co) we have 


|1 —3n| 
K = ——__V @? sin 2a. 
82n(1 — n) 


PROBLEM 2. A hollow dielectric sphere (with permittivity £ and internal and external radii b and a) is in a 
uniform external field €. Determine the field in the cavity. 


SOLUTION. As above in the problem of a solid sphere, we seek the field potentials in the vacuum 
Outside the sphere (region 1) and in the cavity (region 3) in the forms ¢, = — €cos 0 (r — Ajr’), 
$, = — B&rcos 0, and that in the dielectric (region 2) as ¢, = —C€ cos 0 (r — D/r’), where A, B, C, D are 
constants determined from the conditions of continuity of ġ and £ 0¢/ér at the boundaries 1 — 2 and 2 — 3. Thus 
the field E, = B€ in the cavity is uniform, but the field E, in the sphere is not. A calculation of the constants gives 
the result 


E, = 9c/[ (e+ 2)(2e + 1) — 2(e — 1} (b/a ]. 
PROBLEM 3. The same as Problem 2, but for a hollow cylinder in a uniform transverse field.£ 
SOLUTION. As in Problem 2, with the result 


E, = 4c€/[(e + 1)? — (e— 1)*(b/a)? 1. 


§9. The permittivity of a mixture 


If a subtance is a finely dispersed mixture (an emulsion, powder mixture, etc.), we can 
consider the electric field averaged over volumes which are large compared with the scale of 
the inhomogeneities. The mixture is a homogeneous and isotropic medium with respect to 
such an average field, and so may be characterized by an effective permittivity, which we 
denote by £mix- If E and D are the field and induction averaged in this way. then, by the 
definition of £mix» 

D= EmixE. (9.1) 


If all the particles in the mixture are isotropic, and the differences in their permittivities 
are small in comparison with ¢ itself, it is possible to calculate £mix in a general form which is 
correct as far as terms of the second order in these differences. 


+ In these three Problems the body is assumed to be in a vacuum. 
+ In a longitudinal field the solution is clearly E, = €. 
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We write the local field as E = E+ ôE, and the local permittivity as €+ de, where 
é = (1/V)f edF (9.2) 
is obtained by averaging over the volume. Then the mean induction is 
D = (+ ôe)(E + 8E) = zE + d26E, (9.3) 
since the mean values of ĉe and dE are zero by definition. In the zero-order approximation 


, = &. the first non-zero correction term will, of course, be of the second order in ĝe, as we 


see from (9.3). 
From the non-averaged equation div D = 0 we have. as far as small terms of the first 


order, o = 
div [(E + dg)(E + 6E)] = édivoE + E - grad ôe = 0. (9.4) 


The averaging of the product dc6E in (9.3) is done in two stages. We first average over the 
volume of particles of a given kind, i.e. for a given de. The value of ôE thus averaged is easily 
obtained from equation (9.4): on account of the isotropy of the mixture as a whole. 

eo—- e—- Ca — 
—6E, = —6E, = —6E, = $div ôE. 
pe ay, eC 


If E is in the x-direction, say, we have from (9.4) 


whence z4- = 

6E, = — (E /38)ðe. 
Since the direction of the x-axis is chosen arbitrarily, this equation may be written in the 
vector form 6E = — (1/3é)Ede. Multiplying by de and effecting the final averaging over all 


components of the mixture, we obtain 6e6E = — (1/38)E(6e)*. Finally, substituting this 
expression in (9.3) and comparing with (9.1), we have the required result: 








Emix = E— (1/38)(6e)?. (9.5) 


This formula can be written in another manner if we put 


mare 


el = (E+ ôe} = a1 _ 68)" } 
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this is accurate to terms of the second order. Then 
ea? E ei ve) 


Thus we can say that, in this approximation, the cube root of € is additive. 

Another limiting case for which an exact treatment is possible concerns the permittivity 
of an emulsion having an arbitrary difference between the permittivities £, of the medium 
and £, of the disperse phase but only a small concentration of the latter, whose particles are 
assumed spherical. 

In the integral 


1 iii xe 
x 7; |(D-«. Ev = D-c,E 
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the integrand is zero except within particles of the emulsion. It is therefore proportional to 
the volume concentration c of the emulsion, and in calculating it we can assume that the 
particles are in an external field which equals the mean field E. Assuming the particles 
spherical and using formula (8.2), we obtain for the proportionality coefficient between 


D and E 
Emix = E1 + 3c8, (£2 — £1 )/(€2 + 2€;). (9.7) 


This formula is correct to terms of the first order in c. When €, and e, are nearly equal it is 
the same (to the first order in cand the second in £, — €,) as the result given by formula (9.5) 
for small c. 


§10. Thermodynamic relations for dielectrics in an electric field 


The question of the change in thermodynamic properties owing to the presence of an 
electric field does not arise for conductors. Since there is no electric field inside a 
conductor, any change in its thermodynamic properties amounts simply to an increase in 
its total energy by the energy of the field which it produces in the surrounding space.f This 
quantity is quite independent of the thermodynamic state (and, in particular, of the 
temperature) of the body, and so does not affect the entropy, for example. 

On the other hand, an electric field penetrates into a dielectric and so has a great effect 
on its thermodynamic properties. To investigate this effect, let us first determine the work 
done on a thermally insulated dielectric when the field in it undergoes an infinitesimal 
change. 

The electric field in which the dielectric is placed must be imagined as due to various 
external charged conductors, and the change in the field can then be regarded as resulting 
from changes in the charges on these conductors.f Let us suppose for simplicity that there 
is only one conductor, with charge e and potential ¢. The work which must be done to 
increase its charge by an infinitesimal amount ĝe is 


ÖR = poe: (10.1) 


this is the mechanical work done by the given field on a charge ôe brought from infinity 
(where the field potential is zero) to the surface of the conductor, i.e. through a potential 
difference of ¢. We shall put ôR in a form which is expressed in terms of the field in the 
space filled with dielectric which surrounds the conductor. 

If D, is the component of the electric induction vector in the direction of the normal to 
the surface of the conductor (out of the dielectric and into the conductor), then the surface 
charge density on the conductor is — D,,/4z, so that 


e A n if 4 


+ We here neglect the energy of the attachment of the charge to the substance of the conductor: this will be 
discussed in §23. . 

+ The final results which we shall obtain involve only the values of the field inside the dielectric. and therefore 
are independent of the origin of the field. For this reason there is no need for special discussion of the case where 
the field is produced, not by charged conductors, but (for instance) by extraneous charges placed in the dielectric 
itself or by pyroelectric polarization of it (§13). 
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Since the potential @ is constant on the surface of the conductor, we can write 


OR = doe = — = $ ġôD -df = — a [ais (PoD)dV. 
4r 4r 


The last integral is taken over the whole volume outside the conductor. Since the varied 
feld, like the original field, must satisfy the field equations, we have div ôD = 0, and so 
div (ôD) = ¢ div ôD +ôD -grad $- = — E ôD. Thus the following important formula is 


obtained: ÔR = f (E-6D/4z) dV. (10.2) 


It should be emphasized that the integration in (10.2) is over the whole field, including the 
vacuum if the dielectric does not occupy all space outside the conductor. 

The work done on a thermally insulated body is just the change in its energy at constant 
entropy. Hence the expression (10.2) must be included in the thermodynamic relation 
which gives the infinitesimal change in the total energy of the body; the latter contains also 
the energy of the electric field. Denoting the total energy by X. we therefore have 


1 
SU TSS +z; |E-aDar, (10.3) 
T 


where 7 is the temperature of the body and its entropy.t 
Accordingly we have for the total free energy F = U-T S 


ÔF = -Ir + |B-3Dav (10.4) 
7 


Similar thermodynamic relations can be obtained for the quantities pertaining to unit 
volume of the body. Let U, S and p be the internal energy, entropy and mass of unit volume. 
It is well known that the ordinary thermodynamic relation (in the absence of a field) for the 
internal energy of unit volume is dU = TdS+¢ dp. where ¢ is the chemical potential of the 
substance.§ In the presence of a field in a dielectric, there must be added the integrand in 


(10.3); 
dU =TdS+(dp+E-dD/4n. (10.5) 
For the free energy per unit volume of the dielectric, F = U —TS, we therefore have 
dF = —Sd7+(dp+E-dD/4z. (10.6) 


These relations are the basis of the thermodynamics of dielectrics. 

a * aar U and F are the thermodynamic potentials with respect to S.p. D and T, p. D 

o a y. In particular, we can obtain the field by differentiating these potentials with 
o the components of the vector D: 


E = 4n(0U/éD),, = 4n(@F /CD),.,. (10.7) 


t f : : A > 
an ji (10.3) and (10.4) the volume of the body is assumed constant, but in general it becomes inhomogeneous in 
€ctric field, and so the volume no longer characterizes the state of the body. 


+ Th: Pass Í 

+ s quantity 1s meaningful only when the temperature is constant throughout the body. 
ie, ce SP 1, §24. Instead of the mass density we there use the number of particles N per unit volume; p = Nm, 
2. 4 is the mass of one particle. The chemical potentials £ per unit mass and yp per particle are related by 


S The use of the letter p for the mass density as well as the charge density cannot lead to any misunderstanding, 
“Suse the two quantities never appear together. 
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The free energy is more convenient in this respect, since it is to be differentiated at constant 
temperature, whereas the internal energy must be expressed in terms of the entropy, which 
is less easy. 

Together with U and F, it is convenient to introduce thermodynamic potentials in which 
the components of the vector E, instead of D, are the independent variables. Such are 


U =U-—E-D/4n, F= F—E-D/4n. (10.8) 


On differentiating these we have 


dU = TdS + (dp — D-dE/4z, (10.9) 
dF = —Sd7+ (dp —D-dE/4n. | 

Hence, in particular, 
D = —4n(@U0/0E), , = —4n(0F /0E),.,. (10.10) 


It should be noticed that the relation between the thermodynamic quantities with and 
without the tilde is exactly that which occurs in §5 for the energy of the electrostatic field of 
conductors in a vacuum. For the integral [E-DdV can be transformed in an exactly 
similar manner to the one at the beginning of §2, with the equation div D = 0 inside the 
dielectric and the boundary condition D, = 4x0 on the surfaces of conductors: 


s [E-par = -> [rad "Ddy 
= rm |e.D./= E Pate (10.11) 
Hence we have for the internal energy, for example, 
X= v- |E Par- U- F bets (10.12) 


in agreement with the definition (5.5). 

It is useful to derive also the formulae for infinitesimal changes in these quantities, 
expressed in terms of the charges and potentials of the conductors (the sources of the field). 
For example, the variation in the free energy (for a given temperature) IS 


Grr- ARS pee (10.13) 
For the variation of ¥ we have 
Fy = (ÔF h} -Ô$ bala = — $ eaha (10.14 


We can say that the quantities without the tilde are the thermodynamic potentials with 
respect to the charges on the conductors, while those with it are thermodynamic potentials 
with respect to their potentials. 

It is known from thermodynamics that the various thermodynamic potentials have the 
property of being minima in a state of thermodynamic equilibrium, relative to various 
changes in the state of the body. In formulating these conditions of equilibrium in an 
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electric field, it is necessary to say whether changes of state with constant charges on the 
conductors (the field sources) or those with constant potentials are being considered. For 
example, in equilibrium F and ¥ are minima with respect to changes in state occurring at 
constant temperature and (respectively) constant charges and potentials of the conductors 
(the same is true for % and WY at constant entropy). 

[If any processes (such as chemical reactions) which are not directly related to the electric 
field can occur in the body, the condition of equilibrium with respect to these processes 1S 
that F be a minimum for given density, temperature and induction D, or that F be a 
minimum for constant density, temperature and field E. 

Hitherto we have made no assumptions concerning the dependence of D on E, so that 
all the thermodynamic relations derived above are valid whatever the nature of this 
dependence. Let us now apply them to an isotropic dielectric, where a linear relation 
D = £E holds. In this case integration of (10.5) and (10.6) gives 


U =U,(S, p) + D2/8z¢, 
(10.15) 


F = Fo (T, p)+ D?/8ne. 


where U, and F, pertain to the dielectric in the absence of the field. Thus in this case the 
quantity 
D?’ /8re = £E? /8x = ED/82 (10.16) 


is the change in the internal energy (for given entropy and density) or in the free energy (for 
given temperature and density), per unit volume of the dielectric medium, resulting from 
the presence of the field. 

The expressions for the potentials U and F are similarly 


U = U, (S. p)— £E? /87, 
! (10.17) 
F = F (T, p)—£E?/8r. 


Wesee that the differences U — U, and U — U, in this case differ only in sign, as they did for 
an electric field in a vacuum (§5). In a dielectric medium, however, this simple result holds 
800d only when there is a linear relation between D and E. 

We shall write out also, for future reference, formulae for the entropy density S and the 
chemical] potential ¢, which follow from (10.15): 


OF D? (de 
eee | 5 < 
R Sol 0+ geal ae) 





E? / ðe 
CF E? f ôe 
C= (5 a TOEO- ap); a 


These quantities, of course, differ from zero only inside the dielectric. 
The total free energy is obtained by integrating (10.15) over all space. By (10.11) we have 


i F —~F,= fe -DdV/8x =}F e Qa. (10.20) 
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This last expression is formally identical with the energy of the electrostatic field of 
conductors in a vacuum. The same result can be obtained directly by starting from the 
variation ôF (10.13) for an infinitesimal change in the charges on the conductors. In the 
present case, when D and E are linearly related, all the field equations and their boundary 
conditions are also linear. Hence the potentials of the conductors must (as for the field in a 
vacuum) be linear functions of their charges, and integration of equation (10.13) gives 
(10.20). 

It should be emphasized that these arguments do not presuppose the dielectric to fill all 
space outside the conductors. If, however, this is so, we can go further and use the results at 
the end of §7 to draw the following conclusion. For given charges on the conductors, the 
presence of the dielectric medium reduces by a factor ¢ both the potentials of the 
conductors and the field energy, as compared with the values for a field in a vacuum. If, on 
the other hand, the potentials of the conductors are maintained constant, then their 
charges and the field energy are increased by a factor €. 


PROBLEM 


Determine the height h to which a liquid rises in a vertical plane capacitor. 


SOLUTION. For given potentials on the capacitor plates. ¥ must be a minimum. F includes the energy 3 pgh? 
of the liquid under gravity. From this condition we easily obtain h = (e — 1)E/8pq. 


§11. The total free energy of a dielectric 


The total free energy F (or the total internal energy WY), as defined in §10, includes the 
energy of the external electric field which polarizes the dielectric; this field may be imagined 
as being produced by a particular assembly of conductors with specified total charges. It is 
also meaningful to consider the total free energy less the energy of the field which would be 
present in all space if the body were absent. We denote this field by €. Then the total free 
energy in this sense 1s 


f (F — €?/8x)dV, (11.1) 


where F is the free energy density. Here we shall denote this quantity by the letter 7, which 
in §10 signified f FdW. It should be emphasized that the difference between the two 
definitions of ¥ is a quantity independent of the thermodynamic state and properties of 
the dielectric, and hence it has no effect on the fundamental differential relations of 
thermodynamics pertaining to this quantity.7 

Let us calculate the change in ¥ resulting from an infinitesimal change in the field which 
occurs at constant temperature and does not destroy the thermodynamic equilibrium of 
the medium. Since ôF = E-6D/4n, we have ÀF = f(E -ôD — € -ò€)d I /4n. This expres: 
sion is identically equal to 


ÔF = |(D—€)-d5€dV/4n+ JE-(6D —d€)dV/4a — ((D—E)-6€dV/4n. (11.2) 


+ It may be noted that there would be no sense in subtracting E 2/8n from F. because E is the field as modified 
by the presence of the dielectric. and so the difference F — E ?/8x could not be regarded as the free energy densit¥ 
of the dielectric as such. 
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jn the first integral we write 6€ = — grad 6¢, (where ġo is the potential of the field €) and 
integrate by parts: 
(gradé¢,-(D— €)dV = $ 6¢,(D— €)-df— | 6¢, div (D— €)dV. 


It is easy to see that both the integrals on the right-hand side are zero. For the volume 
integral this follows at once from the equations div D = 0 and div € = 0 which the 
induction in the dielectric and the field in the vacuum must respectively satisfy. The surface 
integral is taken over the surfaces of the conductors which produce the field and over an 
infinitely distant surface. The latter of these is, as usual, zero, and for each of the conductors 
Po = constant, so that $56,(D — €)-df = 5¢, $(D — ©) -df. The field ©, by definition, 
is produced by the same sources as the field E and induction D (i.e. by the same conductors 
with given total charges e). Hence the two integrals $ D,„df and $ Œ dfare both equal to 4ze, 
and their difference is zero. 


Similarly, we can see that the second term in (11.2) is also zero, by putting E = — grad ¢ 
and using the same transformation. Finally, we have 
OF = —|{(D-—E)-6€dV/4x = — (P-ô€dr. (11.3) 


It should be noticed that the integral in this expression need be taken only over the volume 
of the dielectric medium, since outside it P = 0. 

However, we must emphasize that the integrand P-6€ cannot be interpreted as the 
variation of the free energy density in the same way as was done with formulae (10.3), (10.4). 
First of all, this density must exist outside the body, which modifies the field in the 
surrounding space also. It is clear, moreover, that the energy density at any point in the 
body can depend only on the field actually present there, and not on the field which would 
be present if the body were removed. 

If the external field € is uniform, then 


ÔF = —5€-(PdV = —-#-5E, (11.4) 
where P is the total electric dipole moment of the body. Hence the thermodynamic 
identity for the free energy can be written in this case as 

da= Sdr- de. (11.5) 


The total electric moment of the body can therefore be obtained by differentiating the total 
free energy: 


P = — (F 0E}. (11.6) 
The latter formula can also be obtained directly from the general statistical formula 
OH Ii = (CF /2å}, 


E H is the Hamiltonian of the body as the system of its component particles, and / is 

i E characterizing the external conditions in which the body is placed: see SP 1. 

E ), (5.1 1). For a body in a uniform external field €, the Hamiltonian contains a term 

l. j P. where F is the dipole moment operator. Taking € as the parameter 7. we obtain 
required formula. 

l f D and E are connected by the linear relation D = £E, we can similarly calculate 

Xplicitly not only the variation 6¥ but F itself. We have 


F —~F.= \(E-D— @&?)db/8n. 
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This can be identically transformed into 
F —F o = | (E+ €)-(D— €)dvV/8x—- | €-(D— E)dV/8z. 


The first term on the right is zero, as we see by putting 


E+ € = — grad(¢+¢,o) 
and again using the same transformation. Hence we have 
F —F (V,T) = —Z)€-PdvV. (11.7) 
In particular, in a uniform external field 


F-F (V, T) = —1€-F. (11.8) 


This last equation can also be obtained by direct integration of the relation (11.3) if we 
notice that, since all the field equations are linear when D = £E, the electric moment 2 
must be a linear function of €. 

The linear relation between the components of # and € can be written 


Pi = Voy ©, (11.9) 


as for conductors (§2). For a dielectric, however, the polarizability depends not only on the 
shape but also on the permittivity. The symmetry of the tensor &;,, mentioned in §2, follows 
at once from the relation (11.6); it is sufficient to notice that the second derivative 
ZF C, CE, = —eF,/0E, = — Var is independent of the order of differentiation. 
Formula (11.7) becomes still simpler in the important case where £ is close to 1, i.e. 
the dielectric susceptibility x = (e — 1)/47 is small. In this case, in calculating the energy, 
we can neglect the modification of the field due to the presence of the body, putting 
P = KE = k€. Then 
F -F= ik] Edr, (11.10) 


the integral being taken over the volume of the body. In a uniform field, the dipole moment 
P = Vk EÉ, and the free energy is 


F -Fo = —3xv€’. (11.11) 


In the general case of an arbitrary relation between D and E, the simple formulae (11.7) and 
(11.8) do not hold. Here the formula 


2 . 
F = pee dV = pL See dV (11.12) 
87 Sz 


may be useful in calculating F ; its derivation is obvious after the above discussion. The 
two integrands differ by 
E-D Ç? 1 


E aE R = -z7 D- ORE A 
N 


after substitution of E = — grad ¢, € = — grad ġo and integration over all space, the 
result is zero. In (11.12), as in (11.7), the second integrand is zero outside the body, where 
P = 0 and F = E?/8n, so that the integration is taken only over the volume of the body- 
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PROBLEM 


Derive the formula which replaces (11.7) when the body is not in a vacuum but in a medium of permittivity £‘®, 


SOLUTION. Using the same transformations as before, we find 


1 
ee See [emear 
n 


§12. Electrostriction of isotropic dielectrics 


For a solid dielectric in an electric field the concept of pressure cannot be defined as for 
an isotropic body in the absence of a field, because the forces acting on a dielectric (which 
we shall determine in §§15, 16) vary over the body, and are anisotropic even if the body 
itself is isotropic. An exact determination of the deformation (electrostriction) of such a 
body involves the solution of a complex problem in the theory of elasticity. 

However, matters are much simpler if we are interested only in the change in the total 
volume of the body. As we saw in §5, the shape of the body may then be regarded as 
unchanged, i.e. the deformation may be regarded as a uniform volume compression or 
expansion. 

We shall neglect the dielectric properties of the external medium (the atmosphere, for 
instance) in which the body is situated, i.e. we suppose that € = 1. This medium thus serves 
merely to exert a uniform pressure on the surface of the body, which we shall denote by P. 
If F is the total free energy of the body, then we have the thermodynamic relation 
P= —(¢F# /0V),, and accordingly the expression for the differential dF contains a term 
~ PdV. For example, in a uniform external field, (11.5) becomes 


d¥ = —SYdT—PdV—-—Y-dE. 
We introduce the total thermodynamic potential (Gibbs function) of the body in 
accordance with the usual thermodynamic relation 
G=F+PYV. (12.1) 
The differentia] of this quantity in a uniform external field is 
dg = —SdT+VdP- #-d€. (12.2) 


The chan 
relatively 
that asm 


ge in the thermodynamic quantities in an external electric field is usually a 

small quantity. It is known from the theorem of small increments, SP 1 (15.12), 

all change in the free energy (for given 7 and V ) is equal to the small change in the 
IModynamic potential (for given T and P). Hence, besides (11.8), we can write 

analogously 

P= PoE- P (12.3) 


ynamic potential of a body in a uniform external field. Here Go 1s the value 
fe the absence of the field and for given values of P and T, while # o in (11.8) is 
e ree energy in the absence of the field and for given values of V and T. 


na aking explicit the dependence of the dipole moment on V and € according to (11.9), 
_~ Can rewrite (12.3) as 


for the thermod 
for the body in 






HWP = Wo lP, T)— 4 Var E E, (12.4) 


tere the correction term must be expressed as a function of temperature and pressure by 
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means of the equation of state for the body in the absence of the field. In particular, fora 
substance with small dielectric susceptibility this formula becomes simply 


SP = Go (P.T)—3KVE?: (12.5) 


cf. (11.11). 

The required change in volume }’— V, in the external field can now be obtained 
immediately by differentiating go with respect to pressure for constant T and ©. For 
example, from (12.5) we have 


V—V, = —4@? [e(kV)/éP jr. (12.6) 


This quantity may be either positive or negative (whereas, in electrostriction of conductors, 
the volume is always greater in the presence of the field). 

Similarly, we can calculate the amount of heat Q absorbed in a dielectric when an 
external electric field is isothermally applied (the external pressure being constant) 
Differentiation of go — ge, with respect to temperature gives the change in the entropy of 
the body, and by multiplying this by 7 we obtain the required quantity of heat. For 
example, from (12.5) we obtain 


Q =3©@7T [0(KV)/CT p. (12.7) 


Positive values of Q correspond to absorption of heat. 


PROBLEMS 


PROBLEM 1. Determine the change in volume and the electrocaloric effect for a dielectric ellipsoid in a 
uniform electric field parallel to one of its axes. 


SOLUTION. From formulae (12.3) and (8.10) we have 
V e-i 


s G2. 
S8xne+1—n 





P= Po 


The relative change in volume is found to bet 


v-v, Gf e-1 1 1 (#) | 
Vo &xtnetl—nK (ne+1—n)?\OP/,]\ 


ae | e—1 A 1 (=) | 
= — at ———— | = i 
g 8a |ne+1-n (ne + 1 — n}? \ ôT P 


where 1,K = — (1/l’)(@V/@P), is the compressibility of the body, and « = (1; V)(0V/0T)p the thermal expansion 
coefficient. 
In particular, for a plane disc in a field perpendicular to it, n = 1, so that 


V-V &?*[e-i1 (=) | 
V o Sr kee. K eee 
TVG?[e-1 maa 
g= 87 Pye aT jp 


+ If the body is thermally insulated, the application of the field results in a change of temperatul® 
AT = —O/@p, where @p is the heat capacity at constant pressure. 

t In the limit £ — œ, we find as the change in volume of a conducting ellipsoid (V — Vo)/V = €?/8nKn. For a 
sphere, n = 4, and we recover the result in §5, Problem 4. l 





and the electrocaloric effect 
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Fora similar disc (or any cylinder) in a longitudinal! field, n = 0, and 


V-V% & = (=| l 0 akaf D (5) l 
— n — — | —— — — ed — 
V gal K \ap/_]’ 8n |“ ôT) p 


PROBLEM 2. Determine the difference between the heat capacity @, of a plane disc in a field perpendicular to 
it, with a constant potential difference between its faces, and the heat capacity @p at constant induction, the 
external pressure being maintained constant in each case.t 








SOLUTION. According to the results of Problem 1, the entropy of the disc is 


ô A a e lhe 
f= -() ~ ¥5(P,T)+ É a+ 3(5) | 


The induction inside the disc is the same as the external field: D = ©. Hence, to calculate the heat capacity @ p, we 
must differentiate for constant ©. The potential difference between the faces of the disc is ¢ = El = El/e. 
where Í is its thickness. For a uniform compression or expansion of a body, l is proportional to V3. Hence, to 
calculate the heat capacity € p, we must differentiate S for constant © V3/e. The required difference is found to be 


vi alee TVE? [ 1) (5) EG) | 
= = f= ies N: 
s D Ane £ \ oT p_tLe ôT P 


PROBLEM 3. Determine the electrocaloric effect in a homogeneous dielectric whose total volume is kept 
constant. 











t 


SOLUTION. Strictly speaking, when an external field is applied the density of the body changes (and ceases to 
be uniform), even if the total volume is kept constant. In calculating the change in the total entropy, however. we 
can ignore this and assume the density p constant at every point.t 

According to (10.18) the total entropy of the body is 


P= Pol ne(s) E? dV 
Ae 8n ôT), í 


where the integration is over the volume of the body. The amount of heat absorbed is 


T {ce | 
-x (5) [ear 
8r \OT/,, 


PROBLEM 4. Determine the difference €p — €p (see Problem 2) when the total volume of the disc is kept 
constant. 


SOLUTION. When the volume, and therefore the thickness, of the disc are constant, differentiation for 
constant potential difference is equivalent to differentiation for constant field E. Using the formula of Problem 3 


for the entropy we have 
TR OR A 
cn (Ane oT),  4ne> \OT 


P 





PROBLEM 5 
with their dim 
and pe 


. A capacitor consists of two conducting surfaces at a distance h apart which is small compared 
cimensions; the space between them is filled with a substance of permittivity £, . A sphere of radius a < h 
Tmittivity £, is placed in the capacitor. Determine the change in capacitance. 


non. Let the sphere be placed in the capacitor in such a way that the potential difference ¢ between the 
sphere - unchanged. The free energy for constant potentials of the conductors is ¥. In the absence of the 
rough E —2Cod . where Co is the original capacitance. Since the sphere is small, we may imagine it to be 
tinto a uniform field © = ¢/h, and the change in ¥ is small. The small change in ¥ at constant potentials 


1S i 
a to the small change in F at constant charges on the sources of the field. Using the formula derived in §11, 
€m, and (8.2), we have 


aw 
Aw 


F = —43C $7 —tare, (€,—&,)¢? (2e, +6,)h?, 


a 4 € sis the heat capacity of a disc between the plates of a plane capacitor in circuit with a constant em. In an 

i ee Capacitor with constant charges on the plates, the heat capacity of the disc is & D- 

4 pre change in density dp is of the second order with respect to the field (x E?), and the consequent change in 
otal entropy is of the fourth order: the term in the change of total entropy which is linear in dp is 

/€p){ dp dV. and the integral is zero because the total mass of the body is unaltered. 
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whence the required capacitance is 


C = Co +E, (&,—£,)/(2e, + €2)h?. 


§13. Dielectric properties of crystals 


In an anisotropic dielectric medium (a single crystal) the linear relation between the 
electric induction and the electric field is less simple, and does not reduce to a simple 
proportionality. 

The most general form of such a relation is 


D; = Doi + €xE;. (13.1) 


where D, is a constant vector, and the quantities ¢,, form a tensor of rank two, called the 
permittivity tensor (or the dielectric tensor). The inhomogeneous term Do in (13.1) does not, 
however, appear for all crystals. The majority of the types of crystal symmetry do not admit 
this constant vector (see below), and we then have simply 


D; = ey Ey. (13.2) 
The tensor €,, is symmetrical: 


En = Eki- (13.3) 


In order to prove this, it is sufficient to use the thermodynamic relation (10.10) and to 
observe that the second derivative — 4nê? F/ðE,0E; = 0D,/0E, = £; is independent of the 
order of differentiation. 

For F itself we have (when (13.2) holds) the expression 


F = F,—6,,E,E,/8n. (13.4) 
The free energy F is 
F = F+E,D,/4n = Fo +¢ ',D,D,/81. (13.5) 


Like every symmetrical tensor of rank two, the tensor £ can be brought to diagonal 
form by a suitable choice of the coordinate axes. In general, therefore, the tensor €;, 18 
determined by three independent quantities, namely the three principal values eD (2), g” 
All these are necessarily greater than unity, just as £ > 1 for an isotropic body (see §14). 

The number of different principal values of the tensor £;, may be less than three fof 
certain symmetries of the crystal. 

Incrystals of the triclinic, monoclinic and orthorhombic systems, all three principal values 
are different; such crystals are said to be biaxial.t In crystals of the triclinic system, the 
directions of the principal axes of the tensor £; are not uniquely related to any directions 1” 
the crystal. In those of the monoclinic system, one of the principal axes must coincide wil? 
the twofold axis of symmetry or be perpendicular to the plane of symmetry of the crystal. 
In crystals of the orthorhombic system, all three principal axes of the tensor £; are 
crystallographically fixed. 

Next, in crystals of the tetragonal, rhombohedral and hexagonal systems, two of thé 





+ This name refers to the optical properties of the crystals; see §§98, 99. 
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three principal values are equal, so that there are only two independent quantities; such 
crystals are said to be uniaxial. One of the principal axes coincides with the fourfold, 
threefold or sixfold axis of crystal symmetry, but the directions of the other two principal 
axes can be chosen arbitrarily. 

Finally, in crystals of the cubic system all three principal values of the tensor £; are the 
same, and the directions of the principal axes are entirely arbitrary. This means that the 
tensor &;, İS of the form £6,,, 1.e. it is determined by a single scalar £. In other words, as 
regards their dielectric properties, crystals of the cubic system are no different from 
isotropic bodies. 

All these fairly obvious symmetry properties of the tensor £; become particularly clear if 
we use a concept from tensor algebra, the tensor ellipsoid, the lengths of whose semiaxes are 
proportional to the principal values of a symmetrical tensor of rank two. The symmetry of 
the ellipsoid corresponds to that of the crystal. For instance, in a uniaxial crystal the tensor 
ellipsoid degenerates into a spheroid completely symmetrical about the longitudinal axis; it 
should be emphasized that, as regards the physical properties of the crystal which are 
determined by a symmetrical tensor of rank two, the presence of a threefold or higher axis 
of symmetry is equivalent to complete isotropy in the plane perpendicular to this axis. In 
cubic crystals, the tensor ellipsoid degenerates into a sphere. 

Let us now examine the dielectric properties of crystals for which the constant term Do 
appears in (13.1). The presence of this term signifies that the dielectric is spontaneously 
polarized even in the absence of an external electric field. Such bodies are said to be 
pyroelectric. The magnitude of this spontaneous polarization is, however, in practice 
always very small (in comparison with the molecular fields). This is because large values of 
Do would lead to strong fields within the body, which is energetically very unfavourable 
and therefore could not correspond to thermodynamic equilibrium. The smallness of D, 
also ensures the legitimacy of an expansion of D in powers of E, of which (13.1) represents 
the first two terms. 

The thermodynamic quantities for a pyroelectric body are found by integrating the 
relation — 4n0F /GE, = D; = Do; + £ Ep, whence 


F = Fo —¢,,E,E,/8n—E,Do;/4n. (13.6) 
The free energy is 
F = F+E,D,/4n = Fo + £ E;E,/87 
= Fo +E *(D; — Do;)(Dy — Dor)/87. (13.7) 


1 Eo be noted that the term in F linear in E, does not appear in F.+ 
su € total free energy of a pyroelectric can be calculated from formula (11.12) by 
shtuting (13.7) and (13.1). If there is no external field, € = 0, and we have simply 


fe 


F =| [Fo — (E - Do/87)]d V. (13.8) 


lt ; 
; 8 remarkable that the free energy of a pyroelectric in the absence of an external field 


€pends, like the field E, not only on the volume of the body but also on its shape. 






| Should also be noted that in these formulae we neglect the piezoelectric effect, i.e. the effect of internal 
an, the electric properties of a body; see §17. The formulae given here are therefore, strictly speaking, 
Pitcable only when the fields are uniform throughout the body, and internal stresses do not arise. 
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As has already been pointed out, the phenomenon of pyroelectricity is not possible 
for every crystal symmetry. Since, in any symmetry transformation, all the properties 
of the crystal must remain unchanged, it is clear that the only crystals which can be pyro- 
electric are those in which there is a direction which is unchanged (and, in particular, not 
reversed) in all symmetry transformations, and that this will be the direction of the con- 
stant vector Do. 

This condition is satisfied only by those symmetry groups which consist of a single axis 
together with planes of symmetry which pass through the axis. In particular, crystals 
having a centre of symmetry certainly cannot be pyroelectric. We may enumerate those out 
of the 32 crystal classes in which pyroelectricity occurs: 

triclinic system: C, 

monoclinic system: C,, C, 

orthorhombic system: C,,, 

tetragonal system: C,, C4, 

rhombohedral system: C3, C3, 

hexagonal system: Ce, Cer- 
There are, of course, no pyroelectric cubic crystals. In a crystal of class C, the direction of 
the pyroelectric vector D, is not related to any direction fixed in the crystal; in one of class 
C,, it must lie in the plane of symmetry. In all the remaining classes listed above the 
direction of D, is that of the axis of symmetry.t 

It should be mentioned that, under ordinary conditions. pyroelectric crystals have zero 
total electric dipole moment, although their polarization is not zero. The reason is that 
there is a non-zero field E inside a spontaneously polarized dielectric. Since a body usually 
has a small but non-zero conductivity, the presence of a field gives rise to a current, which 
flows until the free charges formed on the surface of the body annihilate the field inside it. 
The same effect is produced by ions deposited on the surface from the air. Experimentally, 
pyroelectric properties are observed when a body is heated and a change in its spontaneous 
polarization is detected. 


PROBLEMS 


PROBLEM 1. Determine the field of a pyroelectric sphere in a vacuum. 


SOLUTION. The field inside the sphere is uniform, and the field and induction are related by 2E = — D (as 
follows from (8.1) when € = 0, i.e. when there is no applied external field). Substituting in (13.1), we obtain the 
equation 2E; + £E, = —Dp,. We take the coordinate axes to be the principal axes of the tensor ¢,,. Then this 
equation gives E; = — Do;/(2 + £®). The polarization of the sphere is P; = (D; — E,)/4n = 3Do;/4n(2 + e). The 
field outside the sphere is that of an electric dipole with moment # = PV. 


PROBLEM 2. Determine the field of a point charge in a homogeneous anisotropic medium.f 


SOLUTION. The field of a point charge is given by the equation div D = Ared(r) (the charge being at the 
origin). In an anisotropic medium D; = €,E, = —&,0¢/0x,; taking the coordinate axes x, y, zZ along the 
principal axes of the tensor £, we obtain for the potential the equation 


682g Ax? + 02. /dy? + &07/0z7 = — Ane cir). 


+ In reterring to symmetry conditions, we are regarding the crystal as an infinite medium. Fora finite crystal, 
the exact value of the total dipole moment may depend (in an ionic crystal) on which crystal planes form its faces 
and whether these planes contain ions of only one sign or are electrically neutral. However, 1n macroscopic 
electrodynamics, which implies averaging Over physically infinitesimal volumes, it is reasonable to consider that 
the position of the faces relative to the crystal lattice is averaged also. In consequence of this averaging, Do 
vanishes in any non-pyroelectric finite crystal, and in a pyroelectric one is independent of the face configuration- 

+ In Problems 2-6 the anisotropic dielectric is assumed to be non-pyroelectric. 
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By the introduction of new variables 


x = xi”, y=—y J, zS J2. (1) 


this becomes 


i 4re i 
3 $ Eii J (eee!) O(r ) 


which formally differs from the equation for the field in a vacuum only in that e is replaced by e 


=e} / ee). Hence 


e e E ac fae 
Eee | | 
In tensor notation. independent of the system of coordinates chosen, we have 
$= ej, / (lele aX:Xa)} 
where |£| is the determinant of the tensor ¢,,. 


PROBLEM 3. Determine the capacitance of a conducting sphere, with radius a, in an anisotropic dielectric 
medium. 


SOLUTION. By the transformation shown in Problem 2. the determination of the field of a sphere with charge 
e in an anisotropic medium reduces to the determination of the field in a vacuum due to a charge e’ distributed 
over the surface of the ellipsoid ¢;,x';x’, = ex’? + Ey? + ez? = a”. Using formula (4.14) for the potential due 
to an ellipsoid, we find the required capacitance to be given by 


oC 


era leee 
C or (eS dé. 


0 


PROBLEM 4. Determine the field in a flat anisotropic plate in a uniform external field €. 


SOLUTION. From the condition of continuity of the tangential component of the field it follows that 
E = € + An, where E is the uniform field inside the plate, na unit vector normal to its surface, and A a constant. 
The constant is determined from the condition of continuity of the normal component of the induction, 
n-D=n- E, or nt, b, = nye, €, + Atyn;n, = Cin. Hence A= — (Eir — i)n Cp/ Emm- 

In particular, if the external field is along the normal to the plate (the z-direction), we have 


A (1 Fø E22)/Ezz- 
If it is parallel to the plate and in the x-direction, then 
A=-— Ce, /E xs: 


PROBLEM 5. Determine the torque on an anisotropic dielectric sphere, with radius a, in a uniform external 
1n a vacuum. 


SOLUTION. According to (8.2) we have for the field inside the sphere E, = 3€, /(c’” + 2), and similarly for Ep 


z, Miere the axes of x, y, z are taken to be the principal axes of the tensor €,- Hence the components of the dipole 
moment of the sphere are 


(x) 
E — 
F,.= A na> P a’ Œ, etc. 





x 


4.9 
The components of the torque on the sphere are 


K, = (P x E), = 3a EE (e — E) / (e + 2)(e% +2), 
and Similarly for K., Ko 


cap ROBLEM 6. An infinite anisotropic medium contains a spherical cavity with radius a. Express the field in the 
wity in terms of the uniform field E® far from the cavity. 


z SoLUTION. The transformation (1) of Problem 2 reduces the equation for the field potential in the medium to 
€e s equation for the field in a vacuum. The equation for the field potential in the cavity is transformed into 
t for the potential in a medium with permittivities 1/2, 1 /e®, tje. Moreover, the sphere is transformed into 
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an ellipsoid with semiaxes a/,/e, a/./e”, a/,/e. Let n™, n”, n? be the depolarizing factors of such an 
ellipsoid (given by formulae (4.25)). Applying formula (8.7) to the field of this ellipsoid, we obtain the relation 
o¢' n og” ag 


i) 
T E > 
ôx sg ax’ ox’ 








(1 —n™) 


and similarly for the y’ and 2’ directions. Returning to the original coordinates, we have 0¢/éx’ = at 0g /ex 
= —,/eE,, so that the field in the cavity is 


g) 
E® = =e — Fle) 
x = 
g0 — n (g —1) x 


§14. The sign of the dielectric susceptibility 


To elucidate the way in which the thermodynamic quantities for a dielectric in a field 
depend on its permittivity, let us consider the formal problem of the change in the electric 
component of the total free energy of the body when € undergoes an infinitesimal change. 

For an isotropic (not necessarily homogeneous) body we have by (10.20) F — Fo 
= f(D?/8ne)d F. When « changes, so does the induction, and the variation in the free 


energy is therefore 
D -ôD 4 
az= | ar-f = de dV. 








STE BrE? 


The first term on the right is the same as (10.2), which gives the work done in an 
infinitesimal change in the field sources (i.e. charges on conductors). In the present case, 
however, we are considering a change in the field but no change in the sources. This term 
therefore vanishes, leaving 


ÔF = — | (de/e?)(D?/8n)dV = — | ôe(E*/87)dV. (14.1) 


From this formula it follows that any increase in the permittivity of the medium, even if 
in only a part of it (the sources of the field remaining unchanged), reduces the total free 
energy. In particular, we can say that the free energy is always reduced when uncharged 
conductors are brought into a dielectric medium, since these conductors may (in 
electrostatics) be regarded as bodies whose permittivity is infinite. This conclusion 
generalizes the theorem (§2) that the energy of the electrostatic field in a vacuum i$ 
diminished when an uncharged conductor is placed in it. 

The total free energy is diminished also when any charge is brought up to a dielectric 
body from infinity (a process which may be regarded as an increase of ¢ in a certain volum? 
of the field round the charge). In order to conclude from this that any charge is attracted t0 
a dielectric, we should, strictly speaking, prove also that # cannot attain a minimum fot 
any finite distance between the charge and the body. We shall not pause here to prove this 
statement, especially as the presence of an attractive force between a charge and a dielectr® 
may be regarded as a fairly evident consequence of the interaction between the charge an 
the dipole moment of the dielectric, which it polarizes. 

We can deduce immediately from formula (14.1) the direction of motion of a dielectr! 
body in an almost uniform electric field, i.e. one which may be regarded as uniform ovel 
the dimensions of the body. In this case E? is taken outside the integral, and the differen 
F — Fo, is a negative quantity, proportional to E2. In order to take a position in which i! 
free energy is a minimum, the body will therefore move in the direction of E increasing 

It can be shown independently of (14.1) that the total change in the free energy of 4 

| 
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dielectric when it is placed in an electric field is negative.¢ This can be done by the use of 
thermodynamic perturbation theory, the change in the free energy of the body being 
regarded as the result of a perturbation of its quantum energy levels by the external electric 
feld. According to this theory we have 


Pea ane rT i , | Vam l| (Wan — Wn) l a Tr a2. 
F saa da Veo Dad EOL pO gr mT ba) ; (14.2) 


see SP 1, (32.6). Here E,,°) are the unperturbed levels, V,,,, the matrix elements of the 
perturbing energy, and the bar denotes a statistical averaging with respect to the Gibbs 
distribution w, = exp{ (Fo —E,”)/T}. 

The term V,,, in formula (14.2), which is linear in the field, is zero except in pyroelectric 
bodies. The quadratic change in the free energy, which is of interest here, is given by the 
remaining terms. It is evident that they are negative. 

On the other hand, it is clear from the derivation of (14.2) that the total free energy F 
must be taken in this formula as described in §11, omitting the energy of the field which 
would exist in the absence of the body. The difference ¥ — ¥, is therefore given by the 
thermodynamic formula (11.7). Let us consider a long narrow cylinder placed parallel to a 
uniform external field €. The field within the cylinder is then € also, and its polarization 
P= (e—1)€/4z, so that 


F —F = —(e—-1)VE7/8x. 


thus 7 — Z, is negative only ifs > 1. This leads to the conclusion mentioned in §7 and 
already made use of, namely that the permittivity of all bodies exceeds unity, and the 
dielectric susceptibility x = (e — 1)/4z is therefore positive. 

In the same way we can prove the inequalities ® > 1 for the principal values of the 
tensor £, in an anisotropic dielectric medium. To do so, it is sufficient to consider the 
energy of a field parallel to each of the three principal axes in turn. 


$IS. Electric forces in a fluid dielectric 


; The problem of calculating the forces (called ponderomotive forces) which act on a 
oC in an arbitrary non-uniform electric field is fairly complicated and requires 
a. consideration for fluids (liquids or gases) and for solids. We shall take first the 
, case, that of fluid dielectrics. We denote by fd V the force on a volume element d V, 

Call the vector f the force density. 
fo E ae that the forces acting on any finite volume in a body can be reduced to 
a ie 3 the surface of that volume (see T E, §2). This is a consequence of the law of 
Ero 100 O momentum. The force acting on the matter in a volume d V is the change in 
mentum per unit time. This change must be equal to the amount of momentum 


enteri . E. 
nng the volume through its surface per unit time. If we denote the momentum flux 


| E change proportional to the square of the field is meant. It may be recalled that, in pyroelectric bodies, 
mange in the free energy contains also a term linear in the field, which is of no interest here. 
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tensor by —o;,, thent 


where the integration on the right is over the surface of the volume V. The tensor 6;, is 
called the stress tensor. It is evident that Cidh, = o;,n,df is the ith component of the force 
on a surface element df (n being a unit vector along the normal to the surface outwards 
from the volume under consideration). 

Similarly, the total torque acting on a given volume also reduces to a surface integral, by 
virtue of the law of conservation of angular momentum. This reduction is possible because 
of the symmetry of the stress tensor (Ci = Cpi), Which thus expresses the conservation law 
mentioned. . 

On transforming the surface integral in (15.1) into a volume integral, we obtain 
{ fidV = { (60;,/6x,)dV, whence, since the volume of integration is arbitrary, 


f= 065.) OXe: (15.2) 


This is a well-known formula giving the body forces in terms of the stress tensor. 

Let us now calculate the stress tensor. Any small region of the surface may be regarded 
as plane, and the properties of the body and the electric field near it as uniform. Hence, to 
simplify the derivation, we can with no loss of generality consider a plane-parallel layer of 
material (with thickness h and uniform composition, density and temperature) in an 
electric field which is uniform.t This field may be imagined to be due to conducting planes, 
such as the plates of a capacitor, applied to the surfaces of the layer. 

Following the general method for determining forces, we subject one of the plates (the 
upper one, say) to a virtual translation over an infinitesimal distance 6, whose direction 1s 
arbitrary and need not be that of the normal n. We shall suppose that the potential of the 
conductor remains unchanged at every point, and that the homogeneous deformation of 
the dielectric layer, resulting from the translation, is isothermal. 

A force —o,,n, is exerted by the layer on unit area of the surface. In the virtual 
displacement this force does work — Cix ng Či- The work done in an isothermal deformation 
at constant potential is equal to the decrease in f FdV,ie.in hF per unit surface area. Thus 


oa čin, = O(hF) = hdF + Foh. (15.3) 
The thermodynamic quantities for the fluid depend (for given temperature and field) 
only on its density; deformations which do not change the density (i.e. pure shears) do nol 


affect the thermodynamic state. We can therefore write for an isothermal variation oF in4 
fluid 


= 2 dp. (154) 





+ The force component f; is not to be confused with the surface area component df. 

ł We thus ignore any terms in the stress tensor depending on the gradients of temperature, field, etc. Thes® 
terms. however, are vanishingly small in comparison with terms which do not contain derivatives, in the same way 
as any terms containing derivatives which might appear in the relation between D and E. 


§15 Electric forces in a fluid dielectric 6) 


The change in the density of the layer is related to the change in its thickness by dp 
= —poh/h. The variation of the field is calculated as follows. At a given point in space 
(with position vector r) there appears matter which was originally at r — u, where u is the 
particle displacement vector in the layer. Since, under the conditions stated (homogeneous 
deformation, and constant potential on the plates), each particle carries its potential with it, 
the change in the potential at a given point in space is 6@ = o(r —u) — d(r) = —u- gradd 
= u“ E, where E is the uniform field in the undeformed layer. Since the deformation is 
homogeneous, however, we have 


u = 26/h, (15.5) 


where z is the distance from the lower surface. Hence the variation of the field is 
ôE = —n(E-6§)/h. (15.6) 


Substituting the above expressions in (15.4) and using also the fact that dh = €, = §-n, 
we obtain i 


1 OF m 
Oké: =z; (a PE -E)— Š u a SiO 





E,D F S 
a eS Čing- 
4r Cp 


Hence we have finally the following expression for the stress tensor: 
Cik = [F = p(OF /ðp)k.r ]6, + E; D,/4n. (15.7) 


In isotropic media, which are those here considered, E and D are parallel. Hence 
ED, = E,.D,, and the tensor (15.7) is symmetrical, as it should be.t 
If the linear relation D = cE holds, then 
F = F,(p.T)—sE2/8n; (15.8) 


see (10.17). Fo is the free energy per unit volume in the absence of the field. According to a 
well-known thermodynamic relation, the derivative of the free energy per unit mass with 
TESPEct to the specific yolume is the pressure: 


O [Fo a2) 
Ree ee | 9 |) = Sp: 
E p T s o( Op Jy i 


o Eo (p, T) is the pressure which would be found in the medium in the absence of a field 
nd for given values of p and T. Hence, substituting (15.8) in (15.7), we have 


E? Ok cE.E 
fae). 1 0, ——-| ¢— p| — | ik 
Oik o(p, T)Ox, e (5), [out ee (15.9) 


Vacuum. this expression becomes the familiar Maxwell stress tensor of the electric 


- 





Ina 
field 


p 4 It is not important that in this derivation E 
Jon of E, not on that of n. 
+ See the first footnote to §5. 





is parallel to n, since o,, can obviously depend only on the 
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The forces exerted on the surface of separation by two adjoining media must be equal 
and opposite: Ciny = — 2, where the quantities with and without the prime refer to 
the two media. The normal vectors n and n’ are in opposite directions, so that 


Cul, — Cat. (15.10) 


At the boundary of two isotropic media the condition of equality of the tangential forces is 
satisfied identically. For, substituting (15.7) in (15.10) and taking the tangential component, 
we obtain E,D, = E’,D’,,. This equation is satisfied by virtue of the boundary conditions of 
continuity on E, and D,,. The condition of equality of the normal forces is, however, a non- 
trivial condition on the pressure difference between the two media. 

For example, let us consider a boundary between a liquid and the atmosphere (for which 
we can put £ = 1). Denoting by a prime quantities pertaining to the atmosphere, and using 
formula (15.9) for Gip, we have 


E? (08 E 1 
—P..(p, f)+— p| = +—(E?-E/7)= =R ZEP =E). 
o(p ) hE] g7. n i ) atm +g- n t ) 
Using the boundary conditions E, = E,, D, = cE, = D', = E’, we can rewrite this 
equation as 
pE? [ôe e—1 r R 
P.(p.T)— Pan = ——| — } -z EE, + £,°). 15.11 
o(p ) atm gr (=) gr (e n t ) ( ) 
This relation is to be taken as determining the density p of the liquid near its surface from 
the electric field in it. 
Let us now determine the body forces acting in a dielectric medium. Differentiating 
(15.9) in accordance with (15.2) gives 


C E? (@¢ | oat | C à 
opa a OY | ee a aE ED |. 
h a +E), | 87 tae an tax D| 


On using the equation div D = ôD,/0x, = 0, the expression in the brackets in the last term 
can be reduced to 


CE OE. OF, OE; 
rs pee a ee see 
HK, ED; Ox, i (S =) 
which is zero, since curl E = 0. Thus we have 
1 a ieee E? 
=e ae ee 15.12) 
f grad P lp, 7) + er graal £ o( =) | Bn grade ( 


(H. Helmholtz, 1881). l 
If the dielectric contains extraneous charges with density Pex» the force f contains 4 
further term E div D/4z, or, since div D = 47p,,; 


PexE: (15.13) 


however, it should not be supposed that this result is obvious (cf. §16, Problem 3). 

In a gas, as already mentioned in §7, we can assume the difference e—1 to be 
proportional to the density. Then pĉe/ĉp = &— I, and formula (15.12) takes the simpl& 
form — 

f= — grad Le a grad E’. (15.14) 


| 
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Formula (15.12) is valid for media of both uniform and non-uniform composition. In the 
latter Case € is a function not only of p and T but also of the concentration of the mixture, 
which varies through the medium. In a body of uniform composition, on the other hand, € 
is a function only of p and T, and grad £ can be written as 


grade = (de /CT), grad T + (ĉ£/ĉp} grad p. 
Then (15.12) becomes 


p >f ôe E? (0s 
= — — E+ — } {|-—[({— dT. 15.15 
f grad P (p, T)+ E graal ( F ) | == ( i gra ( ) 


Ifthe temperature also is constant throughout the body, the third term on the right is zero, 
and in the first term grad P, can be replaced by p grad Ço, in accordance with the 
thermodynamic identity for the chemical potential in the absence of a field, pd = 


dP, —S,d7. Thus 
E? / õe 
a srad togola), 


= —p grad ¢, (15.16) 


where ¢ is the chemical potential in an electric field (see (10.19)). 
In particular, the condition of mechanical equilibrium f=0 is, for constant 
temperature, 


Ç = (,—(E?/8x)(de/ép) , = constant, (15.17) 


in accordance with the thermodynamic condition of equilibrium. This condition can 
usually be written still more simply. The change in density of the medium due to the field is 
proportional to E*. Hence, if the medium is of uniform density in the absence of the field, 
We can put p = constant in the last two terms in (15.15) when the field is present; an 
allowance for the change in p is beyond the accuracy of formulae which assume the linear 
relation D = sE. Then, equating to zero f from (15.15), we obtain the equilibrium 
Condition at constant temperature in the form 


Po(p, T) — (pE?/8z) (Ge /6p), = constant, (15.18) 


Which differs from (15.17) in that €, is replaced by P,/p. 
| To Close this section, we shall show how the expression (15.12) for the force may be 
stived directly from (14.1) if the calculation of the stress tensor is not required. 
£ t us consider an infinite inhomogeneous dielectric medium subjected to a small 
thermal deformation that is zero at infinity. The variation ôe is made up of two parts: 
(1) the change 
e(r —u)— e(r) = — u- grad £ 


due to the fact that a particle is brought by the deformation from r—u to r. and (2) the 
TE — (ĉe/ĉp)r p div u, due to the change in the density of the substance at the point r; 
G Own (see 7 E, §1) that div u is the relative change in the volume element, so that the 
j ange in the density is ôp = — p div u. The variation in the free energy is therefore 


OF = ÔF o — | ôe (E? /87)d Ā 
= — f Po div ud V + f (E? /87) [u- grade + (ĉ£/ĉp)} p div ujdV: (15.19) 
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the first term is the variation in the free energy when the field is absent. Integrating by parts 
the div u terms in (15.19) and comparing the result with the expression 0.¥ = — f u-fdV 
for the free energy variation in terms of the work done by the forces f, we arrive at (15.12). 


§16. Electric forces in solids 


The dielectric properties of a solid body change not only when its density changes (as 
with liquids) but also under deformations (pure shears) which do not affect the density. Let 
us first consider bodies which are isotropic in the absence of the field. In general, the 
deformed body is no longer isotropic; in consequence, its dielectric properties also become 
anisotropic, and the scalar permittivity € is replaced by the dielectric tensor €;,. 

The state of a slightly deformed body is described by the strain tensor 


ik J Ox, Ox, > 


where u(x, y, z) is the displacement vector for points in the body. Since these quantities are 
small, only the first-order terms in u;, need be retained in the variation of the components 
€- Accordingly, we represent the dielectric tensor of the deformed body as 





Eik = EQ Oy, + G1 Uik + A UyOix.- (16.1) 


Here £ọ is the permittivity of the undeformed body, and the other two terms, which contain 
the scalar constants a}. az, form the most general tensor of rank two which can be 
constructed linearly from the components ti,- 

Let us now see where the derivation given in §15 must be modified. Since, in a solid 
body, F depends on all the components of the strain tensor, we must replace (15.4) by 
ÔF = —D-d5E/4x + (ôF /éu;,)du;,. For the virtual displacement considered, the vector uis 
given by formula (15.5), so that the strain tensor is uj, = (čin, + €,n;)/2h. Substituting this 
in OF and using the symmetry of the tensor uix, and therefore of the derivatives OF /0u;,,, We 
obtain 

SË = —D-dE/4n + (čin, /h) OF /uy,. (16.2) 


It is now evident that we find, instead of (15.7), the following expression for the stress 
Ear Oik = Fô, = (OF /Oujx) ret E,D,,/4t. (16.3) 

Formula (16.3) is valid whatever the relation between D and E. For a body which i$ 
neither pyroelectric nor piezoelectric, so that D; = &£,, F is given by formula (13.4) and 


the required derivatives are OF /Ouy, = OF o/Ovy,— (a) E,E,, + 42E76,,)/8". We then pul 
Ei, = €90;, everywhere in (16.3) and obtain the following formula for the stress tensor: 


Oik = J), F (2£0 aa ay JEE, 87 ai (Eo + A>) E? ôni et: (16.4) 





+ The quantity F in this formula, and in all preceding formulae, is the free energy per unit volume. In the 
theory of elasticity, however, a somewhat different definition is usual: the thermodynamic quantities are referre 
to the amount of matter contained in unit volume of the undeformed body, which may after deformation occuP) 
some other volume. It is easy to go from one definition to the other by expressing the relative volume change ™ 
the deformation in terms of the tensor u,;,; On account of the presence of the derivative with respect to u;, IN (16.3) 
this must be done with allowance for second-order terms. As a result, the first two terms on the right of (16.3) 
combine into one of the form éF /éu,,, in accordance with the usual formula of elasticity theory. 
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GOs ÍS the stress tensor in the absence of an electric field, determined by the moduli of 
rigidity and compression according to the ordinary formulae of the theory of elasticity. 

Let us now make similar calculations for anisotropic solids.t The necessary modifi- 
cation of the above argument is as follows. When the layer undergoes a virtual 
deformation, its crystallographic axes are rotated, and their orientation relative to the 
electric field is therefore changed. On account of the anisotropy of the dielectric properties 
of the crystal, this leads to an additional change in F not shown in (16.2). To calculate this 
change we can equally well suppose that the crystal axes rotate through some angle do 
relative to the field E, or that the field rotates through an angle — 6@ relative to the axes, 
and the latter approach is the more convenient. 

Thus the variation of the field (15.6) considered above must be augmented by the change 
in E on rotation through an angle — 69: 


ÔE = —n(E -§)/h—ôọ xE. 


The angle ôọġ is related to the displacement vector u in the deformation by do = ¿curl u; 
this equation is easily obtained by noticing that, when the body rotates through an angle 
6b, its points are displaced by u = 6xr. Substituting u from (15.5), we find do 
=curlz6/2h=nxE/2h, and E = —n(E°$)/h+ Ex(nx§)/2h = — [n(E -§)4+§(n- E) ]/2h. 
The first term in (16.2) becomes 


1 1 1 
TY ðE = aT [(n-D)(§-E)+ (§-D)(n-E)] = ap cite (ED, + E,.D;). 


Hence we see that the product E,D, in (16.3) must be replaced by the second factor in the 
last expression: 


a CF 1 
On = Fé, + =— +- (ED, + E,D;). (16.5) 
Ou, 8T 


This expression is symmetrical in the suffixes i and k, as it should be. 
The expression (16.1) for the dielectric tensor, involving two scalar constants, must be 
replaced in the case of a deformed crystal by 


Eik = ee FAm ims (16.6) 


Where a;,,,, is a constant tensor of rank four, symmetrical with respect to the pairs of 
Suffixes i,k and 1, m (but not with respect to an interchange of these pairs). The number of 
independent non-zero components of this tensor depends on the crystal class. 
We shall not pause to write out here the formula for the stress tensor (analogous to 
(16.4)) which is obtained by using (16.6). 
F a Bertie which we have obtained give the stresses inside a solid dielectric. They are 
x €eded, however, if we wish to determine the total force F or the total torque K exerted 
i the body by the external field. Let us consider a body immersed in a fluid medium and 
= at rest there. The total force on it is equal to the integral $ o;,n, Af, taken over the 
T ace. Since the force Ciny is continuous, it does not matter whether this integral is 
Calculated from the values of g; given by (16.4) or from formula (15.9), which relates to the 
eo 
P _* We shall see in §17 that the phenomenon of electrostriction in crystals may, for some types of symmetry, 


~ er markedly from that in isotropic bodies. Such crystals are said to be piezoelectric. Here, however, we discuss 
Yy €lectrostriction in non-piezoelectric crystals. 
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medium surrounding the body. Let us suppose that this medium is in mechanical and 
thermal equilibrium. Then the calculation is further simplified if we use the condition of 
equilibrium (15.18). From this condition, part of the stress tensor (15.9) is constant 
through the body, being a uniform compressing or expanding pressure and making no 
contribution to the total force F and torque K acting on the body. These can therefore be 
calculated by writing Gi as 

Oy, = (€/4nV( E; Er —5E* 6) (16.7) 


simply, where E is the field in the fluid and ¢ its permittivity; this expression differs only by 
a factor ¢ from the Maxwell stress tensor of the electric field in a vacuum. Thus 


F = (c/4n) $ [E(n- E) —3E’n Jf, (16.8) 
K = (e/47) $ [rx E(n- E)—3E*r xn] df. (16.9) 


It may also be noted that, since the fluid is in equilibrium, we can take these integrals 
over any closed surface which surrounds the body in question (but, of course, does not 
enclose any of the charged bodies which are sources of the field). 

The calculation of the total force on a dielectric in an electric field in a vacuum Can also 


be approached in another way by expressing this force, not in terms of the actual field, but | 


in terms of the field € which would be produced by the given sources in the absence of the 
dielectric: this is the “external field” in which the body is placed. Here it is assumed that the 
distribution of charges producing the field is unchanged when the body is brought in. This 
condition may not be fulfilled in practice—for example, if the charges are distributed over 
the surface of an extended conductor and the dielectric is brought to a finite distance 
from it. 

Ina virtual translation of the body over an infinitesimal distance u, the total free energy 
of the body varies, according to (1 1.3), by ôF = —|P-d€dl, where 6€ = €(r +u) 
— €(r) = (u- grad)€ is the change in the field at any given point in the body. Since 
u = constant and curl € = 0, we have P- (u - grad)€ = P-grad(u-€) = u: (P -grad)&, 
so that 

ôF = —u-{(P-grad€ dr. 


- But 6% = —u-F, and we therefore have for the required forcet 
F = [(P-grad)€ dr. (16.10) 


Similarly, the total torque on the body can be determined. We shall not go through the 
calculation, but merely give the result: 


K = {Px€dl+ f rx(P- grad) Edr. (16.11) 


In an almost uniform field, which may be regarded as constant over the dimensions of 


the body, formula (16.10) gives to a first approximation 
F = ({ PdV -grad€ = (P grad) €, (16.12) 


+ It should be emphasized, however, that the integrand in (16.10) cannot be interpreted as the force density- 
The reason is that the local forces in the dielectric arise not only from the field € but also from the internal fiels 
which, by Newton's third law, contribute nothing to the total force, though they modify the distribution of forcê* 
over the volume of the body. 


=> 
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where # is the total dipole moment of the polarized dielectric; this result, of course, could 
fave been obtained by direct differentiation of F from (11.8). In formula (16.11) we 
neglect the second term in the first approximation and reach the natural conclusion that 


K = 9x. (16.13) 


PROBLEMS 


PROBLEM 1. A dielectric sphere with radius a in a uniform external field € is cut in half by a plane 
perpendicular to the field. Determine the force of attraction between the hemispheres. 


SOLUTION. We imagine the hemispheres separated by an infinitely narrow slit and determine the force 
from formula (16.8) with € = 1, integrating over the surface of a hemisphere; E is the field in the vacuum near the 
surface. According to (8.2) the field E® inside the sphere is uniform and equal to 3¢/(2 +e), where e is the 
permittivity of the sphere. The field in the slit is perpendicular to the surface and is E = D® = 3e€/(2+ e). On 
the outer surface of the sphere we have 


A 3e 3 
E, = D®, = — €cos@, E= E®, = ——— Č sinð, 
2+e 2+e 


where @ is the angle between the position vector and the direction of €. A calculation of the integral gives an 
attractive forcet 


F = 9(e — 1} a? €? /16(e + 2). 


PROBLEM 2. Determine the change in shape of a dielectric sphere in a uniform external electric field. 


SOLUTION. Asin §5, Problem 4. In determining the change in shape, we assume the volume of the sphere to 
be unchanged. t The elastic part of the free energy is given by the same expression as in §5, Problem 4. The electric 
part is given by (8.9): 

(x) 
tee = : 1 G2. 
8r 1+n(e™ — 1) 
and the permittivity in the x-direction is, by (16.1), e® = £o +4; Upx = &9 +34; (Uxx — U,,) = Eo + 44, la — b)/R. 
From the condition that the total free energy be a minimum we find (since the quantity concerned is small) 


a—b 9? (e,—1)’ + 5a, /2 
R 40m ~— (eg. +2)? 








For £% -> oc this tends to the value for a conducting sphere. 


j PROBLEM 3. Determine the body forces in an isotropic solid dielectric, assumed homogeneous, when 
“Xtraneous charges are present in it. 












oe Assuming &9, 44. a, constant and using the equations curl E = 0, div D = g, div E = 47p,,, we 
rom (16.4) 





f Cox, ao, 1 (G al (1 dı ) E 
=== — — ($a, +a,)— + So srs i- 
CX, Cx, 87 ae gt On: 2Eo Pex 
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| [he internal stresses which occur in an isotropic dielectric in an electric field are 
Proportional to the square of the field. The effect is similar in crystals belonging to some of 


_ t It is by chance that, in the limit £ — oo, this expression tends to the result obtained in §5, Problem 3, for a 
nducting sphere (indeed, the forces are in opposite directions). The two cases are evidently not physically 
uivalent, because there is no field in the slit between two conducting hemispheres at the same potential, whereas 
this problem there is a field in the slit. i 

+ The change in volume is determined in §12, Problem 1. 
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the crystal classes. For certain types of symmetry, however, the electrostriction properties 
of the crystals are quite different. The internal stresses in these piezoelectric bodies 
resulting from an electric field are proportional to the field itself. The converse effect also 
occurs: the deformation of a piezoelectric is accompanied by the appearance in it of a field 
proportional to the deformation. 

Since in a piezoelectric only the principal (linear) effect is of interest, we can neglect the 
terms quadratic in the field in the general formula (16.5). Then 03, = Fô, + (CF /Cu;,), ¢- In 
this section we shall use the thermodynamic quantities referred to the matter in unit 
volume of the undeformed body (see the first footnote to §16). Taking F in this sense, we 


have simply 


On = (OF /Oug) . (17.1) 
Accordingly. the thermodynamic relation for the differential dF is 
dF = —SdT+0,,du,,— D dE/4r. (17.2) 


The following remark should be made concerning the last term. In the form given here. this 
term (taken from (10.9)) pertains, strictly speaking, to unit volume of the deformed body. 
By ignoring this fact, we commit an error which, in the case of a piezoelectric, is of a higher 
order of smallness than the remaining terms in (17.2). 

The independent variables in (17.2) include the components of the tensor u;,. It 1s 
sometimes convenient to use instead the components c. To do so, we must introduce the 
thermodynamic potential, defined as 


Lasd 


® = F — uO ir- (17.3) 
For the differential of this quantity we have 
d = —Sd7—u,,do,,—D-dE/4z. (17.4) 


It must be emphasized that the use of the thermodynamic potential ® in electrodynamics m 
accordance with formulae (17.3) and (17.4) rests on the validity of (17.1}and so is possible 
only for piezoelectric bodies. 

Having thus defined the necessary thermodynamic quantities, let us now ascertain the 
piezoelectric properties of crystals. If c; and E, are taken as independent variables, the 
induction D must be regarded as a function of them, and an expansion of this function 
must retain the terms linear in them. The linear terms in the expansion of the components 
of a vector in powers of the components of a tensor of rank two can be written, in the most 
general case, aS 47); xı Cu» Where the constants y; x form a tensor of rank three, and the 
factor 47 is introduced for convenience. Since the tensor Oy is symmetrical, it is clear that 
the tensor y; , May also be supposed to have the symmetry property 


(17.5) 


Via > You: 


For clarity we separate the symmetrical suffixes from the remaining one by a comma. we 
call y; „ the piezoelectric tensor. If it is known, the piezoelectric properties of the crystal are 
entirely determined. 
Adding the piezoelectric terms to the expression (13.1) for the electric induction 1n the 
crystal, we have 
D; = Doi + Eik Ek + ARV i aO: (1 7.6) 


Corresponding additional terms appear in the thermodynamic quantities. The thermo- 
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dynamic potential of a non-piezoelectric crystal in the absence of a field is @ = © = 
Po — 4p ittmFixOim> Where Do pertains to the undeformed body, and the second term is the 
ordinary elastic energy, determined by the elastic constant tensor Hirm- t For a piezoelectric 
we have 


Pan 


p = Dy — E r — E&x Ei E,/87 — E;Do;/ 47 — Yi u Eiu- (17.7) 


The form of the last three terms is given by the fact that the derivatives of ® with respect to 
E, (for given temperature and internal stresses), found from the relation D; = —4n0@/CcE,, 
must accord with (17.6). 

Knowing ®. we can obtain from (17.4) a formula giving the strain tensor in terms of the 
stresses 0; and the field E: 


n aa ae (60/064); 5 = HittmOum + Yr, ik Ér- (17.8) 


It should be mentioned that to regard the quantities Hig and £; for a piezoelectric as 
elastic constants and permittivity is to some extent conventional. With the definitions used 
here, they give respectively the strains as functions of the elastic stresses for a given field, 
and the induction as a function of the field for given stresses. If, however, the deformation 
occurs with a given value of the induction, or we consider the induction as a function of the 
field for given strains, the elastic constants and the permittivity will be represented by other 
quantities, which can be expressed as somewhat complex functions of the components of 
the tensors yp, € and y. 

The field in a piezoelectric body must be determined together with its deformation, 
leading to a problem in both electrostatics and elasticity theory. We must seek a 
simultaneous solution of the electrostatic equations 


div D = 0, curl E = 0. (17.9) 
with D given by (17.6), and the equations of elastic equilibrium 
C67, 0x; = 0, (17.10) 


with the appropriate boundary conditions at the surface of the body and use of the relation 
(17.8) between Gi, and the strains. In general this problem is very complex. 

The problem is much simplified for a body of ellipsoidal form with a free surface (i.e. one 
Subject to no external mechanical forces). In this case (§8), the field inside the body is 
uniform; the deformation is therefore homogeneous, and the elastic stresses O; = 0. 
2. let us consider which types of crystal symmetry allow the existence of 
A flectricity; in other words, what are the restrictions imposed on the components of 

 “nsor };; q by the symmetry conditions. In general, this tensor (which is symmetrical in 


t : s 
The tensor ikim determines the relation between stress and strain: 


Uir = —CO/Co, = Hikiml tm- 


InTE 
bs E. s10, the converse relation d; = Ayn Um iS Used. It is evident that the symmetry properties of the tensor Hy 
aa actly the same as those of Aium. k 


The : : ; ; 
free energy F contains the elastic energy with the plus sign: 
Ea MA 

Fel = ZÅirtmYikUtm- 


ne thermodynamic potential is obtained from F by subtracting o,,u,,. and so 





ae ee Bi es 
Pa = Fey Oir Uig = 2A ikim Uik Uim = — Bik? iklim- 
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the suffixes k and /) has 18 independent non-zero components. but in reality the number of 
independent components is usually much smaller. 

In all symmetry transformations of a given crystal, the components of the tensor Yi y 
must remain unaltered in value. Hence it follows at once that no piezoelectric body can 
have a centre of symmetry or, in particular, be isotropic. For, on reflection in the centre (i.e, 
change of sign of all three coordinates), the components of a tensor of rank three change 
sign. 

Of the 32 crystal classes, only 20 allow piezoelectricity. These comprise the ten 
enumerated in §13 as allowing pyroelectricity (all pyroelectrics are also piezoelectrics) and 
the ten following classes: . 


orthorhombic system: D, 
tetragonal system: D4, Dza» $4 
rhombohedral system: D3 
hexagonal system: De, C3,, Danh 
cubic system: T. 7. 


The non-zero components of the piezoelectric tensor for each class are given in the 
Problems below. 

Mention may also be made here of a phenomenon akin to piezoelectricity, which results 
from the “deformation” of a liquid crystal. We shall consider what are called nematic 
crystals (SP 1, §140), liquids in which there is a distinctive direction of preferred 
orjentation of the molecules. At each point in the medium, this direction is specified by a 
unit vector d, the director of the crystal. In an undeformed liquid crystal, d has the same 
direction everywhere, but in a deformed one this direction is a function of the coordinates. 
The expansion (17.6) corresponds to an expression for the induction ina liquid crystal in 
the form 

D; = &,E,+ 4ne,d; div d + 47e, (curl d x d);, (17.11) 


where e, and e, are scalar coefficients (R. B. Meyer, 1969).+ The last two terms, which 
describe the effect in question, constitute the most general polar vector that can be formed 
from d and its first derivatives with respect to the coordinates. The expression (17.11) IS 
automatically invariant under a change in the sign of d. 

‘The permittivity tensor of a nematic crystal has the same symmetry as for uniaxial 
crystals, the axis of symmetry being represented by the local (at each point) direction of the 
director. The tensor £; may be expressed as | 


Ein = Eq din + Eadidh, (17.12) 


with two independent constants £ and £a- 


PROBLEMS 
PROBLEM 1. Determine the non-zero components of the tensor 7; x for non-pyroelectric crystal classes which 
allow piezoelectricity. 


SOLUTION. The class D, has three mutually perpendicular twofold axes of symmetry, which we take as the 
axes of x, y and z. Rotations through 180° about these axes change the sign of two out of the three coordinate 





—_—— a 


t Pyroeiectricity in nematic crystals is in practice unknown, and we therefore put D, = 0. 
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since the components y; ,, are transformed as the products x;x,x;, the only non-zero components are those with 
three different suffixes: 7, 2, Yz.xy> Yy,zx- (The other non-zero components are equal to these, since y; u = Yi) 
Accordingly, the piezoelectric part of the thermodynamic potential ist 


Drie = Zeer sa, + EON F TAES A a z (1) 


The class D24 is obtained by adding to the axes of class D, two planes of symmetry passing through one axis 
(the z-axis, say) and bisecting the angles between the other two. Reflection in one of these planes gives the 
transformation x > y, y > X, Z > Z. Hence the components y; ,, which differ by interchange of x and y must be 
equal, sO that only two out of the three coefficients in (1) are now independent: y, xy» Yx, yz = Yy xz- 

The class T is obtained from the class D, by adding four diagonal threefold axes of symmetry, rotations 
about which effect a cyclic permutation of x, y, Z, e.g. x > Z, y > x, z > y. Hence all three coefficients in (1) are 
equal: = Vy,2x = Pray" The same result is obtained for the cubic class T}. 

The class D, has one fourfold axis of symmetry (the z-axis, say) and four twofold axes lying in the xy-plane. 
Here the symmetry elements of the class D, are supplemented by a rotation through 90° about the z-axis, Le. the 
transformation x > y, y > — x, z + z. Consequently. one of the coefficients in (1) must be zero (Yz xy = —YVz.yx = 
Faxy = 0), and the other two are equal, but opposite in sign: Y, ,. = —?y,xz- The same result is obtained for the 
class Dg. 

The class S, includes the transformations x > y, y > — x, z > — z and x > —x,y— —y,z—z. The non-zero 
EITC V2 xy. Vx, yx = Vy,xx> Vz,xx = ~ Ve,yy> Yx,2x = —Vy,zy One of these can be made to vanish by a 
suitable choice of the x and y axes. 

The class D, has one threefold axis of symmetry (the z-axis. say), and three twofold axes lying in the xy-plane; 
let one of these be the x-axis. To find the restrictions imposed by the presence of a threefold axis, we make a formal 
transformation by introducing the complex “coordinates” č = x +iy, yn = x—iy; the coordinate z remains 
unchanged. We must also transform the tensor y; ,, to these new coordinates, in which the suffixes take the values 
č 7, z. Ina rotation through 120° about the z-axis these coordinates undergo the transformation č > tg. 
n >ne 2*/>, z> z. The only components of the tensor Y; ,; which remain unchanged and so may be different 
from zero are Y, 425 Ynze» Veen Ve.te> Von ANd Yz zz- A rotation through 180° about the x-axis gives the 
transformation x > x,y > — y,Z > —Z, Or č => 1, > Č, Z => —Z; Yz, nę andy, z; change sign and so must be zero, 
while the remaining components listed above are mutually transformed in pairs, giving Y, ze = — Yè zn» Ve če 

= Ya.nn: [D order to write an expression of ® rie, we must form the sum —y; ,,£;0,,, in which the suffixes take the 

alues č, y, z: 

Ü pie = — Ypa lEn z — EO zy) — Ye, eel E0 ge + EnO nn) 


n 


Here the components E, and c; in the coordinates č, n, z must also be expressed in terms of those in the original 
coordinates x, y, z. This is easily done by using the fact that the components of a tensor are transformed as the 
products of the corresponding coordinates. Hence, for example, from Ef = xx — yy + 2ixy, we have o,, = O, 
= wt 2ic,.,. The result is 


Drie = 2a(E,o... zg Ec.) re b [2E ox, P E (C Fi Gy) 1, (2) 


i a= 2iy, zand b = 2y, x are real constants. The relations between the components y; ,, in the coordinates 
X Y, Z are, as we see from (2),t 


axe a txzy— — % Yy,xy © — Yx, xx = Vx, yy = — bp, 


5 i p~ D3, is obtained from the class D, by adding a plane of symmetry (the xy-plane) perpendicular to the 
pp 4 os Reflection in this plane changes the sign of z, and so Vn.ze = 0, so that only the term with the 


emains in (2). 
the D C3, has a threefold axis and a plane of symmetry perpendicular to it. Reflection in this plane changes 
ane norz, and so all components y; ,, whose suffixes contain z an odd number of times must be zero. Taking into 


| only k also the restrictions derived above which are imposed by the threefold axis of symmetry, we find that 
Ahi two components y,, mand 7, zare not zero. These quantities must be complex conjugates in order that ® 
























h. od misunderstanding it should be recalled that, if we calculate the components of the strain tensor ty 
one. . erentiation of the actual expression for ® with respect to G, the derivatives with respect to 
Ee ; & with i Æ k give twice the corresponding components u,,, because the expressions u,, = —€O/C0, 
3 4 e y meaningful only as representing the fact that d® = — u,,do;,, and the terms containing the 
a als of non-diagonal components of the symmetrical tensor c; appear twice in the sum udii 
+ In Non-Orthogonal coordinates such as č, n, z the covariant and contravariant components of tensors must be 
\guished. This should have been done in returning to the Original coordinates x, y, z: if the components E, and 
ansform contravariantly, then those of the tensor y; ,, transform covariantly. We avoid this necessity, 
E er, by obtaining the required relations between the components Yı in the coordinates x, y, z directly from 
torm of the scalar combination (2). À 
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should be real. Putting 2y,, ,., = @— ib, 2y; z = a+ ib, we find 
Brie = a[2E,0 py — Ex(0 xx — Fyy) A B[ZE Tay + Ey (Fx Oyy) | (3) 
Either a or b can be made to vanish by a suitable choice of the x and y axes. 
PROBLEM 2. The same as Problem 1, but for the crystal classes which allow pyroelectricity. 


SOLUTION. Let the z-axis be the twofold, threefold, fourfold or sixfold axis of symmetry, or in the class C, be 
perpendicular to the plane of symmetry. In the classes C,,, the xz-plane is a plane of symmetry. 

We give below for each class all the components Y; xi which are not zero. 

Class C,: all y; p- 


C.: all those in which the suffix z appears twice or not at all. 


Cas: Yz, xx? Vz.yy? Yz.zz5 Yx,xz? Vy, yz" 

C,: the same, together with Y, yz» Yy,xz> Yz,xy 

Cir Yz, xx = Yz, yy» Yz,zz> Yx.xz z Vy,yz 

C,: the same, together with Yx pz = —Vy,xz" 

C3.: Yz,229 Yx.xz — Vy, yz Vx, xx SS yi fe, Vy,xy? P2.xx = Yz, yy 

C}: the same, together with Yx,yz = —Vy,xz> Yy.xx 7 Vy, yy = Vx,xy" 
Ce.: Yz,zz^ Yx,xz FE Yy, yz? Yz, xx = Yzyy° 

Cs, the same, together with Y, „2 = —Yy,xz* 


By a suitable choice of directions of the x, y, z axes three more components can be made zero in the class C, ,and 
by achoice of the x and y axes one more component can be made zero in the classes C., Cy, C3; in C, and Ce. the 
expression Y; ,£;0, is invariant under rotation through any angle about the z axis, and therefore no further 
reduction in the number of non-zero components Y; w 18 possible. 


PROBLEM 3. Determine Young’s modulus (the coefficient of proportionality between the extending stress 
and the relative extension) for a flat slab of a non-pyroelectric piezoelectric in the following cases: (a) where the 
slab is stretched by the plates of a short-circuited capacitor. (b) where it is stretched by those of an uncharged 
capacitor, (c) where it is stretched parallel to its plane with no external field. 


SOLUTION. (a) In this case the field E inside the slab is zero. The only non-zero component of the tensor oj, 18 
the extending stress c,, (the z-axis being perpendicular to the slab).t From (17.8) we have u,. = byzz27 22 whence 
Young’s modulus is E = 1; p4,.27- 

(b) In this case we have in the slab E, = E, = 0, D, = 0. From (17.6) and (17.8) we have D, = E, E, H4NYz, 229:2 
= 0, u, = H2202 t Yz.zzEz Eliminating E,, we obtain 1/E = Leger — ANY 222 | Exe 

(c) In this case also, E, = E, = 0, D, = 0, but the extension is along the x-axis, say. Here we have D, = €., £2 
HANY, xxTxx = O, Uyy = HxxxxT xx t Yz.xx Ez Eliminating E,, we obtain 1/E = Hyxxx— Ary, xx es 


PROBLEM 4. Obtain an equation for the velocity of sound in a piezoelectric medium. 


SOLUTION. In this problem it is more convenient to use Ui, as the independent variables, instead of oip We 
write F in the form 


2 1 1 
F = Fo t+ FA itt Mix Yin ms — €,, EF, — — E;Do; + B; ny Eas 
87 4n ; 


whence _ : 
CK = CF /Cuy = AittmYim t PiE 


The equations of motion from the theory of elasticity are 


H. = as = = + g -+ i > ( 
pu; ex, ikim ex, Brix ex, 


where p is the density of the medium. and u is the displacement vector, related to uj, by 
1 (= +5) 
un = -| — +> |- 
w NON OX; 


Eik ax 
i 


The equation div D = 0 gives 


- an Bia at =0, (5) 








+ It is not assumed to coincide with any particular crystallographic direction- 


§17 Piezoelectrics 73 


and the field can be expressed in terms of the field potential: E; = — é¢/éx;, which takes into account the equation 
curl E= 0. ; 
Ina plane sound wave, uand ¢ are proportional to exp [i(k -r — wt) ], and we find from the above equations that 
pou; = ÀiitmKkKi Um — Brak kd, 
Ek ky +478; ak :k,u, = 0. 


Eliminating $, we can write the condition of compatibility of the resulting equations for u; as 
det |pw6,, —Kizamk Km — AT (Bi miki km) (B p.qkK pk,)/ é,k,k,| = 0. 


For any given direction of the wave vector k, this equation determines three phase velocities of sound w/k, which 
are in general different. A characteristic property of a piezoelectric medium is the involved relation between the 
yelocity and direction of the wave. 


PROBLEM 5. A piezoelectric crystal of the class C,,, hasa plane boundary (the xz-plane) which passes through 
the axis of symmetry (the z-axis). Find the speed of surface waves propagated at right angles to the symmetry axis 
(in the x-direction), in which there are oscillations of the displacement u, and the electric field potential ¢ (J. L. 
Bleustein, 1968; Yu. V. Gulyaev, 1969). 


SOLUTION. Under the conditions considered, two equations involving only u, and ¢ separate out from (4)and 
(5); these quantities depend on the coordinates x and y, and on the time t, but not on z. The non-zero components 
of the stress tensor and the induction vector are 

G,, = PE: F 2Au,,., G, = PE,+2du,,, 
D, = —8nxBu,,+eE,, D, = —87Bu,,+cE,, 


with 
Uz, = 40u,/0x, up, = 40u,/dy, 
E, = —0é¢/éx, E,= —éd¢/ey, 


y 


and writing for brevity B, „z = By. yz = B, Axexe = Àyzyz = As Exx = Eyy = E; the constant pyroelectric induction 
DZ = D, does not appear in the equations or the boundary conditions. 
_ Equation (5) and the z-component of equation (4) give, in the region occupied by the piezoelectric medium (the 
half-space y > 0), 

4npBAu,teAgd%=0, pi, = —BAb@+1Au,, 


Where ^ = 0? /0x? + €?/@y?; these may be rewritten as 
RA AY =O, (6) 
where 
A=1+4nf?/e, Y = (4rb/£)u, +o. 


In the vacuum (the half-space y < 0), the potential ¢ satisfies the equation 


Ad = 0. (7) 
These €quations are to be solved with the following boundary conditions: at the surface of the medium, 
pH =p, o =0, D®, = —8p/dy for y= 0. (8) 
and far from the surface 
u,—>0 as yoo; @—+0 as y> +. 


We seek the solution in the form 
u, = Ae ~*¥ eitkx— 20 | y = De petron go = Cet” pee tt): 
With 
poo? = T(K — x?) D 







“quations (6) and (7) and the conditions at infinity are then satisfied, and the conditions (8) give three linear 
NMOmogeneous equations for A, B and C; the condition for these to have a solution is 


k = 4nB?k/Je(1 +e) = Ak, 
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Finally, substitution in (9) gives the phase velocity of the waves: 
w/k = [(A/p)(1— A?) P. 


The surface propagation of these waves is restricted to piezoelectric media. As f — 0. the penetration depth 
1/x — œ, and a bulk wave is formed. 


§18. Thermodynamic inequalities 
According to the formulae of §10, the total free energy can be written as the integral 
F = F(T, p, D)dV, | (18.1) 


taken over all space. We shall suppose that the function D(r) which appears in the 
integrand satisfies only the equation 


divD =0 (18.2) 
inside a dielectric and the condition 


$ D-df = 4ze (18.3) 


on the surface of a conductor which carries a given charge. These equations establish the 
relation between the field and its sources. Otherwise we regard the function D(r) 
as arbitrary, and in particular we do not require it to satisfy the second field equation 
curl E = 0 (where E = 4n0F/0D) or the boundary condition @ = constant on the surface 
of a conductor. We shall show that these equations can then be obtained from the 
condition that the integral (18.1) be a minimum with respect to changes in the function D(r) 
which satisfy equations (18.2) and (18.3). It should be emphasized that the possibility of this 
derivation is not a priori evident, since the field distributions which come into 
consideration in determining the minimum of the integral (18.1) do not necessarily 
correspond to physically possible states (because they do not satisfy all the field equations), 
whereas, in the thermodynamic condition that the free energy be a minimum, only the 
various physically possible states are considered. 

The problem of finding the minimum of the integral (18.1) with the subsidiary 
conditions (18.2) and (18.3) is solved by Lagrange’s method of multipliers. We multiply the 
variation of the condition (18.2) by some as yet undetermined function — ?/4z of the 
coordinates, and that of the condition (18.3) by some undetermined constant bo /4n, and 
then equate to zero the sum of variations 
Po 
4 


forar- z; [eawopav +g pob-at=0 
4n T 


In the first term we writet 
ôF = (0F/2D);p -6D = E -ôD/4r, 


and the second can be integrated by parts: f ġ div ôD ôV = pD -df— f ôD: grad ddl 
The result is 
[(E+ grad¢)-5DdV + $ (o — $)5D -df = 0. 





+ The free energy is the minimum for a given temperature. The variation is with respect to two independent 
quantities D and p. Here we are interested only in the result of varying with respect to D. The variation of thé 
integral (18.1) with respect to density (with the subsidiary condition of constant total mass of the body) gives on€ 
of the usual conditions of thermal equilibrium, namely the constancy of the chemical potential ¢. 
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Hence we conclude that, throughout the volume, we must have E = — grad @ (and so 
curl E = 0), and on the surface of a conductor @ = po = constant. These are the correct 
equations for the field, and the Lagrange multiplier ¢ is its potential. 

Similarly it can be shown that the equations for the electric induction are obtained from 
the condition that the integral F = f F(T, p, E)dV be a maximum, in which the function 


E(x) is varied with the subsidiary conditions E = —grad@ and ¢ = constant on the 
surface of a conductor} For 
5F = f (CF/GE)-6EdV = f D -grad ôĉġ d V /47 


= $ ô$ D -df/4r — | ôġ div DdV /4r = 0. 


The first integral is zero because 6¢ = 0 on the surface, and from the second we find the 
required equation div D = 0, since o¢ is arbitrary in the volume. 

If the body is not in an external electric field (in particular, if there are no charged 
conductors), it may be possible to formulate the condition of themodynamic equilibrium 
as the condition that the total free energy (18.1) have an absolute (unconditional) 
minimum. This amounts to the condition that the free energy density F be a minimum asa 
function of the independent variable D: F/D = E/4x = 0, ie. the field must be zero in all 
space. If it is possible to find a distribution of the induction such that div D = 0, this state 
will correspond to thermodynamic equilibrium. 

Equating to zero the first variation of the free energy, we find necessary but not sufficient 
conditions for this energy to be a minimum. The determination of the sufficient conditions 
fequires a discussion of the second variation. These conditions take the form of certain 
inequalities (called thermodynamic inequalities) and are the conditions which ensure the 
Stability of the state of the body (see SP 1, §21). 

l When D = £E, the situation is much simplified, and the thermodynamic inequality of 
interest here (relating to the dielectric properties of the body) becomes evident. The total 
free energy is F o + f (D?/87e)d V. It is clear that this can have a minimum only if £ > 0, 
since otherwise the integral could be made to take any large negative value by making D? 
large enough. Thus in this case nothing new is learnt, since we know already that the 
permittivity must in fact be not only positive but greater than unity (see §14). 
| In the general case of an arbitrary relation between D and E, however, it is necessary to 
consider the second variation of the integral (18.1), and to vary simultaneously both D and 
ene only the temperature constant). In an isotropic body, F (T, p, D) depends only on 
g Etude of the vector D, but its three components vary independently. We take the 
O of the vector D before variation as the z-axis. Then the change in the magnitude 
A a given in terms of the changes in its components, as far as the second-order terms, by 
= oD, + (6D,)?/2D + (5D,)?/2D. The first and second variations of the integral (18.1) 


ete point that the thermodynamic potential ¥ has a maximum, not a minimum like F, with respect to the 
=0. bed or D is a general one, and is accounted for as follows. Let the equilibrium value of a variable x, say x 
1- 3 4 etermined by the condition of thermodynamic equilibrium. Then the free energy ¥ has, for a given T and 
cA. mum at x = 0. We thus have, at Be = 0, x = (CF /2x)} yy = 0, and near that point x= ax, F = F 
ed with a > 0. With the thermodynamic potential F = F — xX, this gives F = Fo —tax? = Fo — X?/20 
~~ that in equilibrium Æ has a maximum with respect to x or X. But both ¥ and F have minima itll cespect to 
AUY Other variables y that are independent of x. E 

a Here we are considering bodies in which D need not be zero even if E = 0 (see §19). Otherwise we have 


Mply the trivial result E = D = 0 in all space. 
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are both contained in the expression 


ôF.. OF. 10F 02 F 1 ôF 
oF 5D 4 öp + =z (ODP tan = (5p)? $ dV. 
E ea e pa top oeP +9 ap? | ort 


Substituting ôD and collecting the second-order terms, we find the second variation 


1 oF 3 16°F 0° F 10°F 
——-— [(6D,)° 2\dV —~——.. (6D,)* + —— = (óp dF. 
l J? + (8D,) ] Hir .) 1 ZF ap.apti ga OOP 

(18.4) 


These two terms are independent. The first is positive if (1/D)¢F /éD> 90. But 
éF/éD = E/4z,so that the derivative OF /€D is positive or negative according as the vectors 
D and E are in the same or opposite directions. Thus these vectors must be in the same 
direction. 

The conditions for the second term in (18.4) to be positive are 





67 F /dp* > 9, (18.5) 
3 F 07 F ZF Y 


Since OF /ép = t, OF/@D = E/4n, the first of these gives 
(26/2p)p:r > 0. (18.7) 


and the second can be rewritten as a Jacobian: 


a(@F/2D,0F/ðp) _ 1 ED o 
ô(D,p) 4a A(D,p) 


Changing from the variables D, p to D, ¢, we have 


O(E,6) _ (E, 6) êD 6) _ (E) (= ) w 
Q(D.p) OD, OAD, p) \@D)\ep)y 


by (18.7), this gives 
(3E/3D); ; > 9. (18.8) 


Thus we have derived the required thermodynamic inequalities. In the absence of a field, 
the inequality (18.7) becomes the usual condition that the isothermal compressibility 1 
positive: (6P/ép); > 0. The inequality (18.8) gives £ > 0, since when E > 0 the induction 
D > cE. 

Of the two inequalities (18.5), (18.6) the latter is the stronger; it may be violated while the 


+ It should be recalled that, in the absence of a field, ¢ is the thermodynamic potential of unit mass and, by thé 
ordinary thermodynamic relations, its differential 


dt = dP/p —(S/p) dT, 


so that (8C/Op)r = (1/p)(6 P/ép)r. In the above derivation the second of the ordinary thermodynamic inequalities 
(that the specific heat is positive) is ignored. 
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first is not, whereas the reverse is impossible. The equation 


FPF (@F\? 1 E0 
6p? êD? \é@peD} 4x e(D,p) — 








corresponds to what is called the critical state (see SP 1, §83). This condition is more 
conveniently written in a different form by multiplying it by the non-zero factor 
a(D, p)‘ 0 (E, p): 

O(E, ¢)/2 (E, p) = (0C/Cp)e7 = 0. (18.9) 


The critical states occupy a curve in the ET-plane, which is a singularity of the 
thermodynamic functions of the body, just as the critical point is a singularity in the 
absence of the field. 


§19. Ferroelectrics 


The various crystalline modifications of a given substance may include some which are 
pyroelectric and some which are not. If the change from one to the other takes place by 
means of a second-order phase transition, then near the transition point the substance has 
anumber of unusual properties which distinguish it from ordinary pyroelectrics; these are 
called ferroelectric substances. 

In an ordinary pyroelectric crystal, a change in the direction of the spontaneous 
polarization involves a considerable reconstruction of the crystal lattice. Even if the final 
result of this reconstruction is energetically favourable, its realization may still be 
impossible because it would require the surmounting of very high energy barriers. 

Ina ferroelectric body, however, the situation is quite different because, near a second- 
Order phase transition point, the arrangement of the atoms in the crystal lattice of the 
pyroelectric phase is only slightly different from the arrangement in the non-pyroelectric 
ce (and so the spontaneous polarization also is small). For this reason the change in 
ion of the spontaneous polarization here requires only a slight reconstruction of the 
tuce and can occur quite easily. 

The actual nature of the ferroelectric properties of a body depends on its crystal 
nmetry. The direction of the spontaneous polarization of the pyroelectric phase (which 
hall call the ferroelectric axis) is determined by the structure of the non-pyroelectric 
€ beyond the transition point. In some cases it is uniquely determined, in the sense that 
erroelectric axis can lie in only one, crystallographically determinate, direction; the 
_ tion of the spontaneous polarization is then determined apart from sign, since in the 
Pyroelectric phase the two opposite directions parallel to the ferroelectric axis must be 
Valent (otherwise this form of the crystal would also be pyroelectric). In other cases, the 


Metry of the non-pyroelectric phase may be such as to allow spontaneous polarization 
any of several crystallographically equivalent directions.+ 



















a 


An instance of the first type is sodium potassium tartrate, whose non-pyroelectric phase has orthorhombic 
etry. The ferroelectric axis appears in it In a completely definite crystallographic direction (one of the 
Old axes), and the lattice becomes monoclinic. 
Mn instance of the second type is barium titanate. Its non-pyroelectric modification has a cubic lattice, and any 
he three cubic axes may become the ferroelectric axis. After the spontaneous polarization has appeared at the 
BSition point, these three directions, of course, are no longer equivalent. The ferroelectric axis becomes the only 
Mold axis, and the lattice becomes tetragonal. 
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The occurrence of polarization is always associated with a reduction in the symmetry of 
the crystal. We can therefore refer to pyroelectric and non-pyroclectric phases as the 
unsymmetrical and symmetrical phases respectively, using the terminology of SP 1, §142. 

We shall show how the theory of ferroelectricity can be developed in terms of 
the general theory of Landau second-order phase transitions, as was first done by 
V. L. Ginzburg (1945). 

We take the dielectric polarization vector P of the substance as the order parameter, 
whose magnitude determines the difference between the unsymmetrical and symmetrical 
phase lattice structures. This means that P will be regarded as an independent 
thermodynamic variable whose actual value (as a function of the temperature, the field, 
etc.) is then determined from the condition of thermal equilibrium, namely that the 
thermodynamic potential be a minimum. 

Let us consider first the case where the position of the ferroelectric axis, which we take as 
the z-axis, is uniquely determined. The dielectric properties of the crystal in the x and y 
directions then exhibit no anomalies, and to investigate the properties in the z-direction we 
need consider only those terms in the thermodynamic potential which contain P,. Near the 
transition point, the order parameter P, is small and the thermodynamic potential ® can be 
expanded in powers of P,. Since the two directions of the z-axis are equivalent, the 
expansion cannot depend on the sign of P,, and therefore contains only even powers. As far 
as the fourth-order terms, we have 


d= 0, + AP? + BP’. (19.1) 


In the symmetrical phase, A>O, and P,=0 corresponds to a minimum of the 
thermodynamic potential. For spontaneous polarization to occur, A must be negative: it is 
therefore zero at the phase transition point. The Landau theory assumes that A(T) can be 
expanded in integral powers of T — /,, where T, is the phase transition temperature, neat 
this point, we write A = a(f —1.).a being a constant (independent of the temperature). We 
shall take the specific case where a > 0, so that the unsymmetrical phase corresponds to 
temperatures 7 < 7,. The condition for the state to be stable at the point T = 1, itself is that 
the coefficient B be positive at that point and therefore throughout a neighbourhood of it 
In what follows, B will denote B(7,). 

If the electric field in the body is not zero, further terms appear in the thermodynamic 
potential. To find these, we start from the relation 


4n00/GE = -D = —E-—4zP. (19.2) 


Integration with a fixed value of the independent variable P, using the fact that @ and ® at 
the same when E = 0, gives 


@(P, E) = O(P, 0)—E- P—E*/8z. 
With the electric field in the z-direction, and @(P, 0) from (19.1), we have 


= D, +a(T —T,)P2 + BP —E,P,— E, /87. (19.3 


+ The Landau theory certainly becomes invalid in a neighbourhood of the transition point. The question 
when this happens in ferroelectrics needs a specific analysis of experimental results, and lies outside the scop? 
the present book. Actually, many ferroelectric transitions are not second-order, but first-order ones close to bel” 
<econd-order. This seems to be due to the fluctuation effect mentioned in SP 1, end of §146. l 
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The presence of the term — E,P, has the result that in any field E,, however weak, the 
order parameter P, becomes different from zero at every temperature; the field polarizes 
the non-pyroelectric phase and thus reduces its symmetry. The qualitative difference 
petween the two phases thereby disappears. and accordingly so does the discrete transition 
point; the transition is “smoothed out”.t 
T The thermodynamic potential ® in equilibrium must be a minimum, for any given field 
© Differentiation of (19.3) at constant E, gives 


2P a(T—T.)+4BP? = E,. (19.4) 





This is the basic relation between the field and the polarization in a ferroelectric.$ 
When T > T., in the non-pyroelectric phase, P, vanishes with E,. As E, increases, the 
polarization at first increases linearly, P, = KE,, with susceptibility 


K= 1/2a(T -T,), T >T. (19.5) 



























which increases without limit as T > 7,. The induction D, = (1+ 4nK)E, also increases 
linearly with P,. Near the transition point, x is large, and we have to the same accuracy 
€ = 4nk = 2n/a(T —T,). (19.6) 


Tn sufficiently strong fields, the polarization increases according to P, = (E,/4B)}. 
When 7 < 7., in the pyroelectric phase, P, = 0 cannot correspond to a stable state. For 
E, = 0, we find from (19.4) the spontaneous polarization of this phase, 


Po = +y [a(T,—T)/2B]. (19.7) 


The dielectric susceptibility of the phase can be found as the derivative d P,/dE, as E, > 0. 
m (19.4), 


[—2(T.—T)a + 12BP,? \dP,/dE, = 1, (19.8) 
d substitution of (19.7) gives 
K = [dP,/dE,], o= 1/4a(T,-T), T < T, (19.9) 


s is half the susceptibility of the non-pyroelectric phase for the same value of |7,—T |. 
” ciently weak fields, the polarization is P, = P o + KE,, the induction is D, = D,o 
£z, Where D.o = 4P,o, and the permittivity is 


e S Atk = n/a(T.—T). (19.10) 


‘ig re 14 (p. 80) shows the function P,(E,) given by (19.4) for T < T.. First of all, it 
4 id be noted that the dashed part cc’ does not correspond to stable states: from (19.8) 


tten in the form T 
(dP, /dE,)(6?@/0P,”), = 1 














3 that dP,/dE, < 0 implies that 6?@/éP,? < 0, i.e., the thermodynamic potential ® 
E Maximum, not a minimum. The ordinates of c and c’ are given by the equation 
aP, = 0, and we conclude that the possible values of |P, | in the pyroelectric phase are 


i A 1 §144. The discussion below is largely a repetition of the one given there. 

-Xpressing P(E) by means of (19.4) and substituting in (19.3), we find the potential ®(E) as a function of E 
‘Tom the condition €6(P, E)/@P = 0, the equation D = — 4x06/@K is valid both for (E) and for @(P, E) 
118 differentiated at constant P). l 
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restricted by the condition 
P? > (T.—T)a/6B. (19.11) 


If we consider states of a ferroelectric with given values of E,, there is still an ambiguity 
in the value of P,, in the range of abscissae between c and c’, and the question arises of the 
physical significance of the two values. We shall assume the ferroelectric to be a 
homogeneous flat slab, with the ferroelectric axis norma! to it, lying between the plates ofa 
capacitor, which are maintained at given potentials, i.e. which set up a given uniform 
field E = E. 

For given potentials on the conductors, the condition of stability requires that the 
thermodynamic potential ® be a minimum. In particular, for E = 0 there are two states in 
which P, has opposite signs (the points a and a’ in Fig. 14) but ® (= ®) is the same. These 
two states, therefore, are equally stable, i.e. they are two phases which can coexist in 
contact. 

Hence it is clear that the portions ac and a’c’ of the curve correspond to states which are 
metastable but not absolutely stable. It is easy to see directly that the values of ® on ac and 
on a’ c are in fact greater than its values on a'b and ab for the same value of E,. The 
ordinates of a and a’ are given by formula (19.7). Thus the range of metastability is 


(T.—T)aj6B < P? < (T,—T)a/2B. (19.12) 
The existence of these two phases with E = 0 is very important, since it means that a 
ferroelectric body can be divided into a number of separate regions or domains in which the 
polarization is in opposite directions. On the surfaces separating these domains, the 
normal component of D and the tangential component of E must becontinuous. The latter 
condition is satisfied identically, because E = 0. From the former condition it follows that 
the domain boundaries must be parallel to the z-axis. 
The actual shapes and sizes of the domains are determined by the condition that the total 
thermodynamic potential of the body should be a minimum.t 





Fic. 14 





+ It should be emphasized that complete thermodynamic equilibrium is under consideration here. This cae 


occur in ferroelectrics, but practically never does so in ordinary pyroelectrics because of the already mentione 
difficulty of reorienting the polarization (and so of forming domains) in these materials. The shape and size of t 
domains will be discussed in §44 for the case of ferromagnets, which is in many respects analogous. We shall n% 
pause to consider the specific features of the domain structure in ferroelectrics. They are due mainly to the rig 
coupling of the direction of polarization to particular crystal axes, to the high dielectric susceptibility in 
comparison with the magnetic susceptibility of a ferromagnet, and to the greater role of striction effects. 
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If we are not interested in the details of the structure, and consider portions of the body 
which are large compared with the domains, we can use the polarization P averaged over 
such portions. Its component P, can evidently take values in the range between the 
ordinates of a and a’ in Fig. 14, i.e. 


— J [(T.—T)a/2B] < P, < ./ [(T.—T)a/2B]. (19.13) 


[In other words, if P, in Fig. 14 is taken as the polarization averaged in this way, the vertical 
segment aa’ corresponds to the region of domain structure, and the thick curve baa'b' gives 
all stable states of the body. 

Let us consider ferroelectrics which belong (in the non-pyroelectric phase) to the cubic 
system.t The cubic symmetry admits two independent fourth-order invariants formed 
from the components of the vector P, which may be taken as (P? +P, + P,”)? and 
PP? + P,P,’ +P; P. Hence the expansion of the thermodynamic potential near the 
transition point (when E = 0) is of the form 


® = Po +a(T -TA P, + P,? + P,?)+ BC P,? + P,? +P?) 
+O( PS P FR P FP RS, (19.14) 


where a, B, C are constants, and the x, y, z axes are along the three fourfold axes of 
symmetry. 
The sum of the fourth-order terms in (19.14) must be essentially positive. Hence we must 


have 
B >O, 3B+C>0. (19.15) 


The spontaneous polarization of a ferroelectric when E = 0 is determined by the 
condition that ® should be a minimum as a function of P. In particular, since the second- 
Order term and the first of the fourth-order terms are independent of the direction of P, the 
direction of the spontaneous polarization is determined by the condition that the next term 
bea minimum for a given absolute value P. Two cases are possible. If C > 0, the minimum 
of this term corresponds to P being along any one of the axes x, y, z, i.e. along any of the 
thr €e edges of the cube. If, however, C < 0, the minimum value occurs when P is along any 
ene of the spatial diagonals of the cube, i.e. when P,? = P,? = P,? = 4P?. In the former 
Case the pyroelectric phase of the ferroelectric has tetragonal symmetry, and in the latter 
“ase it has rhombohedral symmetry. 
us Consider in more detail, for example, the first case (C > 0), and take as the z-axis 
>» ection of the spontaneous polarization below the transition point. The magnitude 
0 Of this polarization is determined (when E = 0) by the minimum of the expression 
Ta —T)P? + BP*, whence 


P? = a(T.—T)/2B. (19.16) 






od the polarization as a function of the field E, we must add to (19.14) a term —P-E 
AS changing to the potential ©) and equate to zero the derivative 0@/6P. 


When the field E is weak, P,., P,, and P,— P, are small. Omitting from the equations the 








D p The crystal classes 7, and Q, are envisaged here. The cubic classes Tand 7, allow also a third-order invariant 
z Under such conditions, the state with P =O certainly could not satisfy the stability condition 


E amum ®), and a second-order phase transition is therefore impossible. The symmetry of the class O (and that 
4 ) allows an invariant P -curl P that is linear in the derivatives, and this 


V gives rise to an incommensurate 
lcture (cf. $52). 
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terms of the second and higher orders of smallness, and substituting Poz = P, from (19.16), 
we find the longitudinal polarization 


P, — Po = E,/4a(T,—T) (19.17) 
and the transverse polarization 
P, = BE, /aC(T,—T) (19.18) 


(and similarly for P,). Above the transition point, in the non-pyroelectric phase, the 
dielectric susceptibility of a cubic ferroelectric is the same in all directions: 


P = E/2a(T—T,). (19.19) 


Finally, let us briefly consider the elastic properties of ferroelectrics. According to its 
crystal class, the non-pyroelectric phase of a ferroelectric may or may not be piezoelectric. } 
Let us begin with the former case, and suppose that the symmetry admits a piezoelectric 
(linear) relation between the deformation and the polarization in the direction of the 
ferroelectric (z) axis. These include the classes D,, D,, and S,; in each case the polarization 
P, appears in the piezoelectric part of the thermodynamic potential through a term 
EA aT: 

In the elastic energy of these crystals, the component 0 xy appears in a term — He Os 
Thus the thermodynamic potential near the transition point is 


Õ = D, +a(T—T,)P,? + BPS —yP oy - po, — E, P, — E,” /87, (19.20) 


where for brevity we have put Yz,xy = Y» Hxyxy = u.t The terms involving the other 
components of P and c; are of no interest, since they lead to no anomaly of the 
piezoelectric properties near the transition point. 

Equating to zero the derivative 6@/éP, with E, constant, we obtain 


E, = 2a(T—T,)P, + 4BP,” — Y0 xy. (19.21) 


The components of the strain tensor are found by differentiating the thermodynamic 
potential (19.20) with respect to the corresponding components 0; (see 17.4)):8 


i, = SPREE Easy. (19.22) 
In the non-pyroelectric phase when E is small we can neglect the term in P? in (19.21): 
E, = 2a(1 —T,)P.—Yxy- 
Substituting P, in (19.22), we find 


y y 
ee E —— 
“y aa T) arag |e 


The coefficient of o „in this formula represents the modulus of elasticity for deformations 
in which the field E, is kept constant. while p in formula (19.22}is the modulus for constant 





+ The non-pyroelectric phase of a ferroelectric is piezoelectric if it belongs to one of eight out of the ten classes 
listed at the end of §17: D,, D4» Dza, Sa» Ds. De. Cn. Dan- 

4 Because the expansion is of a different type, the definitions of the tensors Yis and Lim are not the same 4§ 
those denoted by the same letters in §17. but their symmetry properties are, of course, unchanged. 

§ See the first footnote to §17, Problem 1, concerning differentiation with respect to the components of 4 
tensor. 
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polarization P,. Hence we can write 
p® = pP +y?/4a(T—T.), (19.23) 


where the superscripts indicate the nature of the deformation. We see that the two 
coefficients behave entirely differently: whereas uP is a finite constant, p'*' increases 
without limit as the transition point is approached.t 

In the pyroelectric phase, formula (19.22) shows that the spontaneous polarization 
results in a certain deformation of the body. If there are no internal stresses and the field E 
is zero, the strain u,, is proportional to P o, Le. varies with temperature as A (=T). 

If the symmetry (cubic, for example) of the non-pyroelectric phase of a ferroelectric does 
not admit a linear piezoelectric effect, then the first non-vanishing terms in an expansion of 
the thermodynamic potential in powers of o,, and P are quadratic in the components of P, 


ie. they are of the form 
z Viktim Pi PkO m> (19.24) 


where j;,,,, 1S a tensor of rank four, symmetrical with respect to the pairs of suffixes i, k and 
Lm. In such cases, the strain in the pyroelectric phase due to the spontaneous polarization 
is quadratic in P), and accordingly varies with temperature as 7, —T. 

Doubt might be cast on the legitimacy of using the expression (19.24) in the 
thermodynamic potential, on the grounds that, as stated in §17, this potential can be used 
only when quadratic effects are neglected. However, the ferroelectrics form an exception 
because, near the transition point, the field E is small compared with the polarization P or 
induction D, because of the unlimited increase in the dielectric susceptibility. The use of the 
thermodynamic potential involves the neglect of the quantities of the order of EDu,, (or. 
What is the same thing, EDo;,), whereas the expression (19.24) is of the order of D?o,,. 


§20. Improper ferroelectrics 


F The theory of ferroelectrics given in §19 is based on identifying the polarization vector of 
the crystal with the order parameter which determines the change in the crystal symmetry 


in the phase transition. This is not always permissible, however. It may happen that the 
Occurrence of spontaneous polarization does not in itself entirely determine the nature of 
ME Change in the crystal structure. 

it is known (sce SP 1, §145) that the order parameter in a second-order phase transition 
A a quantity, or a set of quantities, transformed by some irreducible (not the unit) 
Presentation of the symmetry group of the original (“symmetrical”) phase. The 
_{Dsformation properties of the order parameter determine the nature of the change (the 
Tease) in the symmetry at the phase transition. The specific physical nature of the change 
P Unimportant; the order parameter may be taken as any of various physical quantities. 
Ħovided that they are related to one another by linear expressions and therefore have the 
me transformation properties. 

A The choice of the vector P as the order parameter is equivalent to assuming that this is 
Pansformed by the same representation as the components of a (polar) vector. If the phase 
4 Nsition occurs with no change in the unit cell of the lattice (or with only a strain), the 
| “reducible representations concerned are those of the point symmetry groups (the crystal 



















t The modulus pp! = p+ y?/8x, which determines the sirain for a constant induction D_, is also a constant. 
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classes). In the biaxial classes ($13), each component of a vector Is transformed by one of the 
one-dimensional representations. The same applies to a component of a vector along the 
principal axis of symmetry (threefold, fourfold or sixfold) in uniaxial crystals. For all these 
representations, the order parameter can be the corresponding component of the vector P, 
and the theory based on the thermodynamic potential (19.1) is applicable to them. The 
components of P in a plane perpendicular to the principal axis of symmetry in a uniaxial 
crystal are transformed by a two-dimensional irreducible representation and can Serve as 
the order parameter for that representation. Lastly, in crystals with cubic symmetry, all 
three components of the vector are transformed by a single three-dimensional representa- 
tion. This case corresponds to the theory of ferroelectricity based on the thermodynamic 
potential (19.14). 

There are also, however, ferroelectric transitions in which the order parameter 1s 
transformed by an irreducible representation of the symmetrical phase which does not 
correspond to the components of a vector. In such cases, the order parameter is not the 
polarization but a physically different quantity; the spontaneous polarization arises as a 
secondary effect (it is assumed, of course, that the symmetry of the unsymmetrical phase 
allows pyroelectricity). These substances are called improper ferroelectrics, they differ 
considerably from ordinary ferroelectrics as regards the nature of the dielectric anom- 
alies.t Here belong all ferroelectric transitions in which the unit cell changes, i.e. in which 
the translational symmetry of the lattice changes (the corresponding irreducible represen- 
tations are certainly not realized by vector quantities invariant under translations)t. but 
they may also be transitions without change of translational symmetry (the order 
parameter is transformed by an irreducible representation of the point group, not 
corresponding to the components of a vector). 

In an ordinary ferroelectric transition, when the change in symmetry 1s entirely 
determined by the polarization vector, the transition is to a higher sub-group (that allows 
pyroelectricity) of the space group of the original ( non-pyroelectric) phase. In an impropé 
ferroelectric transition, the pyroelectric phase belongs to a sub-group of lower symmetry. 

The specific thermodynamic properties of improper ferroelectrics may vary Col 
siderably, like the transformational ‘properties of quantities that are transformed by 
different irreducible representations of the space groups. Let us now consider (again i 
terms of the Landau theory of phase transitions) one formal example to illustrate some 
important fundamental points. | 

We shall take a transition (without change in the unit cell) from a non-pyroelectrlé 
crystal of the class C4, to the class C,, which allows spontaneous polarization, the ordef 
parameter having two components 1), "2 and being transformed by the irreducible 
representation E, of the group C;,; the components P., P, of the polarization vector in the 
plane perpendicular to the C, axis being transformed by the representation E,. 

The thermodynamic potential ® near the transition point is to be expanded in powers a 
the order parameter 4,. Nz and the polarization P,, P,. For ferroelectricity to occur, ther 
must be mixed invariants formed from the same quantities, and linear in the vector © | 
There are two such invariants in this case: the real and imaginary parts of the produ | 


+ The possible existence of such ferroelectrics was noted by V. L. Indenbom (1960). 
$ All known improper ferroelectrics are in fact of this type. 
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( ,+in2)’(P,.+iP,). We thus obtain an expansion in the form 
® = Do +a(T-—T.)n? + By* + KP? + Cyn? [P.y1? —¥27)— 2Py7172) ] 
| + Can’ [P, (v1? — 72°) + 2Py¥472 ]— E-P — E?/82, (20.1) 














where n? = 4,7+1,7, y; = n;/n; the vectors E and P are in the xy-plane. 

The order parameter and the polarization are determined by the condition that ® be a 
minimum (for constant E). Here we shall give only some characteristic results that are 
yident without actually making the calculation. The order parameter in the unsym- 
etrical phase is found to be proportional to (T, — T)'/?, as for any second-order transition 
ı the Landau theory. The polarization arises as an effect of the second order in y, and is 
erefore proportional to 7, —T. The dielectric susceptibility does not tend to infinity as T 
T, as in ordinary ferroelectrics, because it is not here determined by a coefficient of n? 
at tends to zero. It does, however, have a finite discontinuity at the transition point. This 
because, in the symmetrical phase, the order parameter y = 0 and is not affected by the 
d E; in the unsymmetrical phase it does change, and this gives a further contribution to 
e susceptibility. 

An improper ferroelectric transition is possible only when the order parameter has more 
in one Component. With a one-component parameter y, the only possible mixed 
variant linear in P is 7P,, where P, is one component of the vector P (since y? is an 
ariant for a one-dimensional representation). This would mean, however, that y and P, 
d the same transformational properties, and therefore that P, itself could be chosen as 
Order parameter. 








CHAPTER III 


STEADY CURRENT 


§21. The current density and the conductivity 


Ler us now consider the steady motion of charges in conductors, i.e. steady electric 
currents. We shall denote by j the mean charge flux density or electric current densit y.f Ina 
steady current, the spatial distribution of jis independent of time, and satisfies the equation 


div j = 0, (21.1) 


which states that the mean total charge in any volume of the conductor remains constant. 
The electric field in the conductor in which a steady current flows is constant, and 

therefore satisfies the equation 
curl E = 0, (21.2) 


i.e. it is a potential field. 

Equations (21.1) and (21.2) must be supplemented by an equation relating j and E. This 
equation depends on the properties of the conductor, but in the great majority of cases it 
may be supposed linear (Ohms law). If the conductor is homogeneous and isotropic, the 
linear relation is a simple proportionality: 


j= oE. (21.3) 


The coefficient o depends on the nature and state of the conductor; it is called the electrical 
conductivity. 
In a homogeneous conductor, o = constant and, substituting (21.3) in (21.1), we have 
div E = 0. In this case the electric field potential satisfies Laplace’s equation: A ¢ = 0. 
At a boundary between two conducting media, the normal component of the current 
density must, of course, be continuous. Moreover, by the general condition that the 
tangential field component be continuous (which follows from curl E = 0; cf. (1.7) and 
(6.9)), the ratio j,/o must be continuous. Thus the boundary conditions on the current 
density are 
Jai = Jn2> jn /O1 = h2/02, (21.4) 


or. as conditions on the field, 


0Enı = 05£,), | = E2- (21.5) 





+ In this chapter we ignore the magnetic field due to the current, and therefore the reaction of that field 0” 


the current. If this effect is to be taken into account, the definition of the current density must be refined, which WE 
do in §30. 


= 
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At a boundary between a conductor and a non-conductor we have simply j,, = 0, or 
E, = 0.t 
An electric field in the presence of a current does mechanical work on the current- 
carrying particles moving in the conductor; the work done per unit time and volume is 
evidently equal to the scalar product j-E. This work is dissipated into heat in the 
conductor. Thus the quantity of heat evolved per unit time and volume in a homogeneous 
conductor 1s 
VEGE =j o. (21.6) 


This is Joule’s law.t 

The evolution of heat results in an increase in the entropy of the body. When an amount 
of heat dQ = j: E dV is evolved, the entropy of the volume element dV increases by dQ/T. 
The rate of change of the total entropy of the body is therefore 


dS /dt = [(j-E/T)AV. (21.7) 


Since the entropy must increase, this derivative must be positive. Putting J = cE, we see 
that the conductivity o must therefore be positive. 

In an anisotropic body (a single crystal), the directions of the vectors j and E are in 
peneral different, and the linear relation between them 1s 


j= OnE (21.8) 


where the quantities o,, form a tensor of rank two, the conductivity tensor. which is 
symmetrical (see below). 

The following remark should be made here. The symmetry of the crystal would admit 
also an inhomogeneous term in the linear relation between j and E, giving j; = 0E tjO, 
with j a constant vector. The presence of this term would mean that the conductor was 
“Pyroelectric”, there being a non-zero field in it when j = 0. In reality, however, this is 
impossible, because the entropy must increase: the term j -E in the integrand in (21.7) 
could take either sign, and so dS /dt could not be invariably positive. 

Just as, for an isotropic medium, d//dt > 0 leads to ø > 0, so for an anisotropic 
Medium this condition means that the principal values of the tensor o,, must be positive. 

The dependence of the number of independent components of the tensor c; on the 
symmetry of the crystal is the same as for any symmetrical tensor of rank two (see §13): for 
biaxial crystals, all three principal values are different, for uniaxial crystals two are equal, 
4nd for cubic crystals all three are equal. i.e. a cubic crystal behaves as an isotropic body as 
Tegards its conductivity. 

The symmetry of the conductivity tensor 


O01 = Gy (21.9) 


1Sa consequence of the symmetry of the kinetic coefficients. This general principle, due to L. 


aa may be conveniently formulated, for use here and in §§26—28, as follows (see 
et, §120). 


eS —— OO 


D N A should be noticed that the equations curl E = 0, div (oE) = Oand the boundary conditions (21.5) thereon 
e tormally identical with the equations for the electrostatic field in a dielectric, the only difference being that e is 
Teplaced byo. This enables us to solve problems of the current distribution in an infinite conductor if the solutions 
‘ fthe corresponding electrostatic problems are known. When the conductor is bounded by a non-conductor this 
Malogy does not serve, because in electrostatics there is no medium for which ¢ = 0 
t In Russian “Joule and Lenz’s law”. i 
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Let x4, X2, - - - be some quantities which characterize the state of the body at every point. 
We define also the quantities 
X, = — 0S / Xa (21.10) 


where S is the entropy of unit volume of the body, and the derivative is taken at constant 
energy of the volume. In a state close to equilibrium, the quantities x, are close to their 
equilibrium values, and the X, are small. Processes will occur in the body which tend to 
bring it into equilibrium. The rates of change of the quantities x, at each point are usually 
functions only of the values of the x, (or X,) at that point. Expanding these functions in 
powers of X, and taking only the linear terms, we have 


dx,/ot = — F VorXr- (21.11) 
b 


Then we can assert that the coefficients Ya (the kinetic coefficients) are symmetrical with 
respect to the suffixes a and b:t 
Yab — Yba- (21.12) 


In order to make practical use of this principle, it is necessary to choose the quantities x, 
(or their derivatives x,) in some manner, and then to determine the X,- This can usually be 
done very simply by means of the f ormula for the rate of change of the total entropy of the 
body 





dy ð 
are - EX. “av, (21.13) 


a 


where the integration is extended over the whole volume of the body. 

When a current flows in a conductor, dS /dt is given by (21.7). Comparing this with 
(21.13), we see that, if the components of the current density vector j are taken as the 
quantities X,, then the quantities X, will be the components of the vector — E/T. A 
comparison of formulae (21.8) and (21.11) shows that the kinetic coefficients in this case are 
the components of the conductivity tensor, multiplied by 7. Thus the symmetry of this 
tensor follows immediately from the general relation (21.12). 


PROBLEMS 


PROBLEM 1. A system of electrodes maintained at constant potentials ¢, 1s immersed in a conducting 
medium. A current J, flows from each electrode. Determine the total amount of Joule heat evolved in the medium 
per unit time. 


SOLUTION. The required amount of heat Q is given by the integral 
Q = fj -EdV = — fj-gradġ dV = — f div (pj) dV, 


taken over the volume of the medium. We transform this into a surface integral, using the fact that j, = Oat the 
outer boundary of the medium, while on the surfaces of the electrodes ¢ = constant = ¢,. The result 15 


Q = Epa Je 


PROBLEM 2. Determine the potential distribution in a conducting sphere with a current J entering at a point 
O and leaving at the point O’ diametrically opposite to O. 


SOLUTION. Near O and 0’ (Fig. 15) the potential must be of the forms ¢ = J/2z0R, and ¢ = —J/ 2noR2 
respectively, R, and R, being the distances from O and O’. These functions satisfy Laplace’s equation, and thé 





-i [m 


+ It is assumed that x, and x, behave in the same way under time reversal. 
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O 


Fic. l5 


integrals — o { grad ¢ -df over infinitesimal caps about O and O' are equal to + J. We seek the potential at an 
arbitrary point P in the sphere in the form 


oe noe Soe aN vf 
 2nolR, R, i 
where tf is a solution of Laplace’s equation having no poles in or on the sphere. It is evident from symmetry that y, 


like , is a function of the spherical polar coordinates r and @ only. 
On the surface of the sphere (r = a) we must have 0¢/ér = 0. Differentiating, we find the boundary condition 


on Ņ: 
(x7) 
—{——— | forr=a. 
Or 2a\R, R, 


If f(r, 0) is any solution of Laplace’s equation, then the function 





pan 
r 


0 


Ss a solution.t Comparing this with the above boundary condition. we see that the condition is met by the 
Olution 


Substituting R,,= S (a? +r? + 2ar cos 0) and effecting the integration, we have finally 


Ji 1 i a+rcos@ a—rcos@ 
E ee 7 praen) , 
270A Ri R, 2a r sin si r sin @ 


M0 when r = 0. 


PROBLEM 3. Show that the current distribution in a conductor is such that the energy dissipated is a 
Minimum. 
Se S O O 


t This is easily seen either by direct calculation or from the fac 


; : t that any solution f (r, 0) of Laptace’s equation 
K 4 ending only on r and @ can be written f= Xc,r"P_ (cos 6), where the c, are constants and the P, are Legendre 
i ynomials. ý 
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SoLUTION. The minimum concerned is that of the integral fj Edy = {(7?/o)d¥, with the subsidiary 
condition div j = 0 (conservation of charge). Varying with respect to j the integral f [(j7/0)—2¢ divj]dV, where 
2ġ is an undetermined Lagrange multiplier, and equating the result to zero, we obtain the equation 
j= —o grad¢ or curl (j/a) = 0, which is the same as (21.2) and (21.3). 


§22. The Hall effect 


Ifa conductor is in an external magnetic field H. the relation between the current density 
and the electric field is again given by j; = Cix Ep, but the components of the conductivity 
tensor o; are functions of H and, what is particularly important, they are no longer 
symmetrical with respect to the suffixes i and k. The symmetry of this tensor was proved in 
§21 from the symmetry of the kinetic coefficients. In a magnetic field, however, this 
principle must be formulated somewhat differently: when the suffixes are interchanged, the 
direction of the magnetic field must be reversed (see SP 1, §120). Hence we now have for 
the components o;,,(H) the relations 


o;,(H) = o,;(— H). (22.1) 


The quantities o,,(H) and o,;(H) are not equal. 
Like any tensor of rank two, o,, can be divided into symmetrical and antisymmetrical 
parts, which we denote by s,, and a;;: 


Oix = Sik + Fix: (22.2) 
By definition 
sa (H) = su (H), 4, (0H) = — ayx (H), (22.3) 
and from (22.1) it follows that 
Sa (H) = su(— H), = S(— H), } (22.4) 
a = an = = a;,(— H). 


Thus the components of the tensor s;, are even functions of the magnetic field, and those of 
a, are odd functions. 

Any antisymmetrical tensor a; of rank two corresponds to some axial vector, whose 

components are 

= Z 

x yz y xZ? a, = Axy- (22 ) 

In terms of this vector, the components of the product a; E, can be written as those of the 
vector product E x a: 

h = OE = SiE t (E xa);, (22.6) 


The Joule heat generated by the passage of the current is given by the product j- È. Sino 
the vectors E xa and E are perpendicular, their scalar product is zero identically, and S° 


j E = SpE; Er (22.1) 


i.e. the Joule heat is determined (for a given field E) only by the symmetrical part of the 
conductivity tensor. 

If the external magnetic field is sufficiently weak, the components of the conductivit) 
tensor may be expanded in powers of that field. Since the function a(H) is odd, the 
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expansion of this vector will involve only odd powers. The first terms are linear in the field. 
ie. they are of the form 
A; = Qir Hy- (22.8) 


The vectors a and H are both axial, and the constants «,, therefore form an ordinary (polar) 
tensor. The expansion of the even functions s,,(H) will involve only even powers. The first 
term is the conductivity o,, in the absence of the field, and the next terms are quadratic in 
the field: 
Sig = 0O + Bittm A m (22.9) 
The tensor Pium is Symmetrical with respect to i, k and l, m. 

Thus the principal effect of the magnetic field is linear in the field and is given by the term 
Exa; it is called the Hall effect. As we see, it gives rise to a current perpendicular to the 
electric field, whose magnitude is proportional to the magnetic field. It should be borne in 
mind, however, that, for an arbitrary anisotropic medium, the Hall current is not the only 
current perpendicular to E; the current Six E; also has a component in such a direction. 

The Hall effect may be differently regarded if we use the inverse formulae which express 
Ein terms of the current density: E; = o~ +; j,. The inverse tensor o~!,,, like G;, itself, can 
be resolved into a symmetrical part p, and an antisymmetrical part which may be 
represented by an axial vector b: 

E; = Pirk + (j*b);. (22.10) 


The tensor p;, and the vector b have the same properties as s,, and a. In particular, in weak 
Magnetic fields the vector b is linear in the field. In formula (22.10) the Hall effect is 
Tepresented by the term j xb, i.e. by an electric field perpendicular to the current and 
Proportional to the magnetic field and to the current j. 

The above relations are much simplified if the conductor is isotropic. The vectors a and b 
must then be parallel to the magnetic field, by symmetry. The only non-zero components 
Of the tensor p; are p,. = Pyy and p,,, the field being in the z-direction. Denoting these two 
q antities by p} and py and taking the current to lie in the xz-plane, we have 


Ey = Pile E, = mat) Be E,. z Pide- (22.11) 


Hence we see that, in an isotropic conductor, the Hall field is the only electric field which is 
Pe Tpendicular to both the current and the magnetic field. 
In weak magnetic fields, the vectors b and H are related (in an isotropic body) simply by 


b= — RH. (22.12) 


4 S constant R (called the Hall constant) may be either positive or negative. The form of 
the terms quadratic in H in the relation between E and j, which enter through the tensor p;x, 
a easily seen from the fact that the only vectors linear in j and quadratic in H which can be 
,_ Ustructed from j and H are (j- H)H and Hj. Hence the general form of the relation 
*tween E and j in an isotropic body, as far as the terms quadratic in H. is 


E = pj + RHXj+8,H?j+8,(j- HH. (22.13) 
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PROBLEM 


Express the components of the inverse tensor o` !,, in terms of those of Sy, and a. 


SOLUTION. The calculations are most simply effected by taking a system of coordinates in which the axes are 
© Principal axes of the tensor s;,; the form of the results in an arbitrary coordinate system can easily be deduced 
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from their form in this particular case. The determinant |ø] is 


Sxx a, A ay 
iø] E a a, Syy x 
a, Z a, S22 


= SyxSyySzz + Six ae + 5S,,, a + Szz a - 
In the general case we evidently have 
lo} = [S| + 8,.4;0,- 
From the minors of this determinant we find the components of the inverse tensor: 
o7! = Pax = Sy Sz tax )/Iel, 
o`! y = Pay tb, = (8x0, — G3S22)/10 h - ++ 
The general expressions which give these results for the particular system of coordinates chosen are 


Pik = {s7 1s] +;0,}/lol, ‘ae — Sâl |}. 


This completes the solution. 


§23. The contact potential 


In order to remove a charged particle through the surface of a conductor, work must be 
done. The work required for a thermodynamically reversible removal of the particle is 
called the work function. This quantity 1s always positive: this follows immediately from the 
fact that a point charge is attracted to any neutral body, and therefore to any conductor 
(see §14). The work in question will be denoted by eW, where e is the charge on the particle; 
the sign of the work potential W thus defined is the same as that of the charge on the particle 
removed. 

The work function depends both on the nature of the conductor (and its thermodynamic 
state, i.e. its temperature and density) and on that of the charged particle. For example, the 
work function for a given metal is different for the removal of a conduction electron and 
for the removal of an ion from the surface. It must also be emphasized that the work 
function is characteristic of the surface of the conductor. It therefore depends, for instance, 
on the treatment of the surface and the “contamination” of it. If the conductor is a single 
crystal, then the work function is different for different faces. 

To ascertain the physical nature of the dependence of the work function on the 
properties of the surface, let us establish its relation to the electric structure of the surface 
layer. If p(x) is the charge density not averaged over physically infinitesimal segments of the 
x-axis (perpendicular to the layer), we can write Poisson’s equation in the layer as d2q /dx” 
= — 4rp. Let the conductor occupy the region x < 0. Then a first integration gives 


d x 
= = —4n eee 


and a second integration (by parts) gives 


o—dp(— ©) = — 47x í pdx +4n f xp dx. 


— 00 — 20 


For x > ©, the integral 


f pdx 
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tends very rapidly to zero (since the surface of an uncharged conductor is electrically 
neutral). Hence 


(+ 0co)—g(— 00) =4n f xpdx. 


—~ © 


The integral on the right is the dipole moment of the charges near the surface of the body. 
These charges form a “double layer”, in which charges of opposite sign are separated and 
the dipole moment is non-zero. The structure of the double layer, of course, depends on the 
properties of the surface (its crystallographic direction, contamination, etc.). The difference 
in the work potential for different surfaces of a given conductor is determined by the 
difference in the dipole moments. 

If two different conductors are placed in contact, an exchange of charged particles may 
occur between them. Charges pass from the body with the smaller work function to that 
with the greater until a potential difference between them is set up which prevents further 
movement of charge. This is called a contact potential. 

Fig. 16 shows a cross-section of two conductors in contact (a and b) near their surfaces 
AO and OB. Let the potentials of these surfaces be ¢, and ¢, respectively. Then the contact 
potential is $a, = ¢, — ġa. The quantitative relation between this potential and the work 
functions is given by the condition of thermodynamic equilibrium. Let us consider the 
work which must be done on a particle with charge e to remove it from the conductor a 
through the surface AO, transfer it to the surface OB, and finally carry it into the conductor 
b.In a state of thermodynamic equilibrium, this work must be zero.t The work done on the 
particle in the three stages mentioned is eW,, e(, — ¢,), and — eW, respectively. Putting 
the sum of these equal to zero, we find the required relation: 


Pap = W,— Wa (23.1) 


Thus the contact potential of the neighbouring free surfaces of two conductors in contact is 
equal to the difference in their work functions. 

The existence of the contact potential results in the appearance of an electric field in the 
Space outside the conductors. It is easy to determine this field near the line of contact of the 
Surfaces. In a small region near this line (the point O in Fig. 16), the surfaces may be 






N\A, 


Fic. 16 


<< — CC 


$ t Ofcourse, in reality a particle can pass from one conductor to another only through their surface of contact, 
E not through the space adjoining them, but the work done is independent of the path. 
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regarded as plane. The field potential outside the conductors satisfies the equation 


10 a\ 18$ 
nears (ae) team O 


where r and @ are polar coordinates with origin at O; on AO and OB the potential takes 
given constant values. We are interested in the solution which contains the lowest power of 
r; this is the leading term in an expansion of the potential in powers of the small distance r. 


The solution concerned is ¢ = constant x 0. Measuring the angle 0 from AO and 
arbitrarily taking the potential on AO as zero, we have 


Q = Pap /0, (23.2) 


where « is the angle AOB. Thus the equipotential lines in the plane of the diagram are 
straight lines diverging from O. The lines of force are arcs of circles centred at O. The field is 
1 a ey Pap 1 


e ese a 23.3 
r 00 ar a) 


it decreases inversely as the distance from O. 

As has been said above, “contact” potentials also exist between the various faces of a 
single crystal of metal. Hence an electric field of the kind just described must exist near the 
edges of the crystal.t 

If several metallic conductors (at equal temperatures) are connected together, the 
potential between the extreme conductors is, as we easily deduce from formula (23.1), 
simply the difference of their work potentials, as it is for two conductors in direct contact. 
In particular, if the metal at each end is the same, the contact potential between the ends is 
zero. This is evident, however, because if there were a potential difference between two like 
conductors, a current would flow when they were connected, in contradiction to the second 
law of thermodynamics. 


§24. The galvanic cell 


The statement at the end of §23 ceases to be valid if the circuit includes conductors in 
which the current is carried by different means (e.g. metals and solutions of electrolytes). 
Because the work function of a conductor is different for different charged particles 
(electrons and ions), the total contact potential in the circuit is not zero even when the 
conductors at each end are similar. This total potential difference is called the electromotive 
force or emf. in the circuit; it is just the potential difference between the two like 
conductors before the circuit is closed. When the circuit is closed, a current flows in it; this 1s 
the basis of the operation of what are called galvanic cells. The energy which maintains the 
current in the circuit is supplied by chemical transformations occurring in the cell. 

When we go completely round any closed circuit the field potential must, of course: 
return to its original value, i.e. the total change in the potential must be zero. Let us 
consider, for example, a contour on the surface of the conductors. When we pass from one 
conductor to another, the potential has a discontinuity ap. The potential drop across any 





+ Inreality, all such fields are usually compensated by the field of ions from the atmosphere which “adhere” tO 
the surface of the crystal. 
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conductor is RJ, where J is the total current flowing through it and R is its resistance. 
Hence the total change in the potential round the circuit is 2¢,, — 2 JR. Putting this equa! 
to zero and using the facts that J is the same at every point in the circuit and X4@,, is the 
electromotive force &, we find 

JZXIR = @, (24.1) 


so that the current in a circuit containing a galvanic cell is equal to the e.m.f. divided by the 
total resistance of all the conductors in the circuit (including, of course, the internal 
resistance of the cell itself). 

Although the e.m.f. ofa galvanic cell can be expressed as a sum of contact potentials, it is 
very important to note that it is in reality a thermodynamic quantity, determined entirely 
by the states of the conductors and independent of the properties of the surfaces separating 
them. This is clear, because & is just the work per unit charge which must be done on a 
charged particle when it is carried reversibly along the closed circuit. 

To illustrate this, let us consider a galvanic cell consisting of two electrodes of metals A 
and B immersed in solutions of electrolytes AX and BX, X` being any anion. Let €, and ¢, 
be the chemical potentials of the metals A and B, and ¢ 4y and “py those of the electrolytes in 
solution.t Ifan elementary charge e is carried along the closed circuit, an ion A* passes into 
solution from the electrode A and an ion B* passes out of solution to the electrode B, the 
change in the charges on the electrodes being compensated by the passage of an electron 
from A to B through the external circuit. The result is that the electrode A loses one neutral 
atom, the electrode B gains one, and in the electrolyte solution one molecule of BX is 
teplaced by one of AX. Since the work done in a reversible process (at constant 
temperature and pressure) is equal to the change in the thermodynamic potential of the 
system, we have 


€E aB = (Cs — ex) — (Ca —Cax), (24.2) 


Which expresses the e.m.f. of the cell in terms of the properties of the material of the 
electrodes and of the electrolyte solution. 

From (24.2) we can also draw the following conclusion. If the solution contains three 
electrolytes AX, BX, CX and three metallic electrodes A, B, C, then the e.m.f.s between 
€ach pair of them are related by 


A Aic Cie (24.3) 


Using the general formulae of thermodynamics, we can relate the e.m.f. of a galvanic cell 
to the heat evolved when a current flows, which of course is actually an irreversible 
Phenomenon. Let Q be the amount of heat generated (both in the cell itself and in the 
external circuit) when the unit charge passes along the circuit; Q is just the heat of the 
Teaction which occurs in the cell when a current flows. By a well-known formula of 
thermodynamics (see SP 1, §91), it is related to the work & by 


C= (S). (24.4) 


The definition of the partial derivative with respect to temperature depends on the 
Conditions under which the process occurs. For example, if the current flows at constant 
Pressure (as usually happens), then the differentiation is effected at constant pressure. 





t In this section we use the ordinary chemical potentials, i.e. those defined with respect to one particle. 
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§25. Electrocapillarity 


The presence of charges on the boundary between two conducting media affects the 
surface tension there. This phenomenon is called electrocapillarity. In practice, the media 
concerned are both liquids; usually one is a liquid metal (mercury) and the other 1s a 
solution of an electrolyte. 

Let ¢,, $, be the potentials of the two conductors, and e, ,€2 the charges at the surface of 
separation. These charges are equal in magnitude and opposite in sign, and thus form a 
double layer on the surface. 

The differential of the potential go of a system of two conductors at given temperature 
and pressure is, taking into account the surface of separation, 


dg = adS — e, dd, — e2dġ2, (25.1) 


where the term «dS is the work done ina reversible change dS in the area S of the surface of 
separation: & is the surface-tension coefficient (see SP t, §154). 

The thermodynamic potential g in (25.1) may be replaced by its “surface part” g,, since 
the volume part is constant for given temperature and pressure, and is therefore of no 


interest here. Putting e, = — e, = e€ and the potential difference o,.— p, = $. we can write 
(25.1) as 
dæ, = «dS — edd. (25.2) 
Hence 
(Ogp,/ 0S), = 2, (25.3) 


a being expressed as a function of ġ. Integrating, we find that go, = oS. Substitution in 
(25.2) gives d(aS) = adS — edd, or Sda = — edd, whence 


o = —(Ca/Cd)pr, (25.4) 


where o = e/S is the charge per unit area of the surface. The relation (25.4), derived by G. 
Lippmann and J. W. Gibbs, is the fundamental formula in the theory of electrocapillarity. 

Ina state of equilibrium, the thermodynamic potential go must be a minimum for given 
values of the electric potentials on the conductors. Regarding it as a function of the surface 


charges e, we can write the necessary conditions for a minimum as 
Ogp,/Ce = 0, 0? go,/3e? > 0, (25.5) 


where the derivatives are taken at constant area S. To calculate these, we express Ps in 
terms of the thermodynamic potential go, = g (e): 


P, = Ple) — e: dı — e202 = op,(e)— ed. (25.6) | 
The vanishing of the first derivative gives 
Og, _ Cg, 


de rr ak 





and then the condition for the second derivative to be positive becomes 


2yo 2 
Og, Og, 06 106 o 


— = 5 


ðe? ĉe? ĉe Soa 








or 


da /ô¢h > 0. (25.7) 
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This result was to be expected, since the double layer on the surface may be regarded as a 
capacitor with capacitance de/dd. 
Differentiating equation (25.4) with respect to ¢ and using (25.7), we find that 


C20 /ab? < 0. (25.8) 


This means that the point where 0a/6¢ = —o = 0 is a maximum of « as a function of ¢. 


§26. Thermoelectric phenomena 


The condition that there should be no current in a metal is that there is thermodynamic 
equilibrium with respect to the conduction electrons. This means not only that the 
temperature must be constant throughout the body, but also that the sum e¢ + “o should 
be constant, where Cy is the chemical potential of the conduction electrons in the metal (for 
Q = 0).f If the metal is not homogeneous, £, is not constant throughout the body even if 
the temperature is constant. Hence the constancy of the electric potential ¢ in this case does 
not mean the absence of a current in the metal, although the field E = — grad ¢ is zero. 
This makes the ordinary definition of ¢ (as the average of the true potential) inconvenient, 
if we wish to take inhomogeneous conductors into consideration. 

It is natural to redefine the potential as ¢ + {o/e, and we shall write this henceforward as 
@ simply. In a homogeneous metal, the change amounts to the addin g of an unimportant 
constant to the potential. Accordingly, the “field” E = — grad ø (which we shall use 
henceforward) is the same as the true mean field only in a homogeneous metal, and in 
general the two differ by the gradient of some function of the state.§ 

With this definition, the current and field are both zero in a state of thermodynamic 
equilibrium with respect to the conduction electrons, and the relation between them is 
J= oE (or j; = c E,) even if the metal is not homogeneous. 

Let us now consider a non-uniformly heated metal, which cannot be in thermodynamic 
equilibrium (with respect to the electrons). Then the field E is not zero even if the current is 
zero. In general, when both the current density j and the temperature gradient grad7 are 
not zero, the relation between these quantities and the field can be written 


E = j/o+agrad7. (26.1) 


Here o is the ordinary conductivity, and « is another quantity which is an electrical 
characteristic of the metal. Here we suppose for simplicity that the substance is isotropic 
(or of cubic symmetry), and therefore write the proportionality coefficients as scalars. The 


linear relation between E and grad7 is, of course, merely the first term of an expansion, but 
Ws sufficient in view of the smallness of the temperature gradients occurring in practice. 


The same formula (26.1), in the form 


J = o(E—«agrad7), (26.2) 


a 
N e a 1, §25. Here we take ¢ to be the chemical potential defined in the usual manner, viz. per unit particle 
~<Ctron). 

_+ This definition can also be formulated as follows: the new ed 
“ectron is isothermally brought into the metal. In other words, Q 
“nd p the charge on the conduction electrons per unit volume. 
_ § It must be emphasized that eE is then not the force on the charge e. Consequently, this definition of E, which 
$ suitable in a phenomenological theory, may be inconvenient in the microscopic theory when calculating the 
netic coefficients (cf. PK, §44). 










is the change in the free energy when one 
= CF /0p, where F is the free energy of the metal 
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shows that a current can flow in a non-uniformly heated metal even if the field E is zero. 

As well as the electric current density J, we can consider the energy flux density q. First of 
all. this quantity contains an amount gj resulting simply from the fact that each charged 
particle (electron) carries with it an energy ed. The difference q — dj, however, does not 
depend on the potential, and can be generally written as a linear function of the gradients 
grad @ = — E and grad 7, similarly to formula (26.2) for the current density. We shall for 
the present write this as 

q—¢j = BE—ygradT. 


The symmetry of the kinetic coefficients gives a relation between the coefficient f and the 
coefficient « in (26.2). To derive this, we calculate the rate of change of the total entropy of 
the conductor. The amount of heat evolved per unit time and volume is — div q. Hence we 
can put 


Using the equation divj = 0, we have 
di 1 ee oe » SE] 
Sva = z {div (a— i) + div $5} = _divia~$i) 
The first term is integrated by parts, giving 


<a = teat 
af fiar- |S $i) gra T 


dV. 26.3 
7 (26.3) 


This formula shows that, if we take as the quantities 0x,/0t (see §21) the components of 
the vectors j and q — ¢j, then the corresponding quantities X , are the components of the 
vectors — E/T and grad7T/T’. Accordingly in the relations 





; E „ grad T 
j= r T 
| 
: E grad 7T 
A T? 


the coefficients oa7? and BT must be equal. Thus ß = cal, so that q— j= ool E 
— y grad T. Finally, expressing E in terms of j and gradT by (26.1), we have the result 


q = (6 + o7)j—* grad7, (26.4) | 


where k = y —7 0c is simply the ordinary thermal conductivity, which gives the heat flux | 
in the absence of an electric current. 

It should be pointed out that the condition that dY /dt should be positive places no new 
restriction on the thermoelectric coefficients. Substituting (26.1) and (26.4) in (26.3). We} 


obtain 

-2 2 

if _ E temas aV > O, (26.9) 
dt oT T 


whence we find only that the coefficients of thermal and electrical conductivity must be 
positive. ; i 
In the above formulae it was tacitly assumed that an inhomogeneity of pressure (0! 
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density) at constant temperature cannot cause a field (or current) to appear in the 
conductor, and consequently no term in grad p was included in (26.2) or (26.4). The 
existence of such terms would, in fact, contradict the law of the increase of entropy: the 
integrand in (26.5) would then contain terms in the products j- grad p and grad7 - grad p, 
which could be of either sign, and so the integral could not be necessarily positive. 

The relations (26.1) and (26.4) indicate various thermoelectric effects. Let us consider the 
amount of heat — div q evolved per unit time and volume in the conductor. Taking the 
divergence of (26.4), we have 


Q = -divg 
= div (k grad 7) + E -j +j grad (oT), 
or, Substituting (26.1), 


-2 


Q = div (K grad T) +- —Tj- grado. (26.6) 


The first term on the right pertains to ordinary thermal conduction, and the second term, 
proportional to the square of the current, is the Joule heat. The term of interest here is the 
third, which gives the thermoelectric effects. 

Let us assume the conductor to be homogeneous. Then the change in « is due only to the 
temperature gradient, and grad «x = (da/d7) grad T; if, as usually happens, the pressure is 
constant through the body, da/d7 must be taken as (6«/07),. Thus the amount of heat 
evolved (called the Thomson effect) is 


pj: grad7, where p = —7Tda/d7. (26.7) 


The coefficient p is called the Thomson coefficient. It should be noticed that this effect is 
Proportional to the first power of the current, and not to the second power like the Joule 
heat. It therefore changes sign when the current is reversed. The coefficient p may be either 
Positive or negative. If p > 0, the Thomson heat is positive (i.e. heat is emitted) when the 
current flows in the direction of increasing temperature, and heat is absorbed when it flows 
in the opposite direction; if p < 0 the reverse is true. 

. Another thermal effect, called the Peltier effect, occurs when a current passes through a 
Junction of two different metals. At the surface of contact, the temperature, the potential 
and the normal components of the current density and energy flux density are all 
Continuous. Denoting by the suffixes 1 and 2 the values of quantities for the two metals and 
equating the normal components of q (26.4) on the two sides, we have, since ¢, T and j, are 
Continuous, 

[—KaT/Ox}} = —j,T (02 —2,), 


the x-axis being taken along the normal to the surface. If the positive direction of this axis 
IS from metal 1 to metal 2, then the expression on the left-hand side of this equation is the 
amount of heat taken from the surface per unit time and area by thermal conduction. 
This heat loss is balanced by the evolution at the junction of an amount of heat given 
by the right-hand side of the equation. Thus the amount of heat generated per unit time 
and area is 

JIli2, where IT,, = —T(a, — a). (26.8) 


E quantity IT, 2 is called the Peltier coefficient. Like the Thomson effect, the Peltier effect 
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is proportional to the first power of the current, and changes sign when the direction of the 
current is reversed. The Peltier coefficient is additive: M, 3 = M12 + H23, where the suffixes 
1, 2, 3 refer to three different metals. 

A comparison of formulae (26.7) and (26.8) shows that the Thomson and Peltier 


coefficients are related by 
d /Il 
Po-Py = ( 2) (26.9) 





dr\ T 


Next, let us consider an open circuit containing two junctions, the two end conductors 
being of the same metal (1 in Fig. 17). We suppose that the junctions b and care at different 
temperatures T, and T3, while the temperature at each end (aand d) is the same. Then there 
is a potential difference called a thermoelectromotive force, which we denote by &, between 
the ends. 


o b C d 
| | a l | 
p h 
Fic. 17 


To calculate this force, we put j = 0 in (26.1) and integrate the field E = a grad T along the 
circuit (taken to be the x-axis): 


d d 
dT 
r= [a = foar 


The integrations from a to b and from c to d are over temperatures fromT, toT, in metal 1, 
and that from b to c is over temperatures from 7, to T3 in metal 2. Thus 


T2 


é,= | (a, —a,)d/. (26.10) 


Comparing this with (26.8), we see that the thermo-e.m_f. is related to the Peltier coefficient 
by 


T2 
E= -Í Miz ar (26.11) 
5 T 
Ti 


Formulae (26.9) and (26.11) are called Thomsons relations (W. Thomson, 1854). 

To conclude this section, we shall give the formulae for the current and heat flux in an 
anisotropic conductor. These are derived from the symmetry of the kinetic coefficients ™ 
the same way as formulae (26.1) and (26.4), and the results are 


E; = 07 ie t+ ir OT /OXt: } (26.12 
qi— ji = Tonite — Kir OF / 0X- 


Here co ~!,, is the tensor inverse to the conductivity tensor Fik» and the tensors o;, and Kik 
are symmetrical. The thermoelectric tensor «;,, however, is in general not symmetrical. 
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§27. Thermogalvanomagnetic phenomena 


There is a still greater variety of phenomena which occur when a current flows in the 
simultaneous presence of an electric field, a magnetic field, and a temperature gradient. 

The discussion is entirely similar to that given in §26 for thermoelectric effects. It will be 
given here in tensor form, so as to be applicable to both isotropic and anisotropic 
conductors. We write the electric current density į and the heat flux q as 


(27.1) 


E, él 
i— ii = Cx +d =—| = |, 


where all the coefficients are functions of the magnetic field. The symmetry of the kinetic 
coefficients gives 


ai (H) = a,;(—H), dj, (H) = d,,(— H), 
k k k k (27.2) 
b (H) = cu(— H). 
Expressing E and q — @j in terms of j and grad7 from (27.1), we have 
E-o pip NOSO 
T y i } (27.3) 
qi — Pi = Bijk — Kir OT /OX,, 


where the tensors o~', «, B, k are certain functions of the tensors a, b, c, d, and have the 
following symmetry properties resulting from (27.2): 


o` 'a (H) =o *,(—B), l 


: (27.4) 
K,,(H) = k,;(— H), By, (HH) = To,;(— H). 


These are the required relations in their most general form. They generalize those found in 
§26 for the case where there is no magnetic field and in §22 for the case where there is no 
temperature gradient. It must be emphasized that in an anisotropic conductor the tensors 
Cip and f., are in general not symmetrical even when there is no magnetic field. 

The tensors c` +, x, and B + 7a can be resolved into symmetrical and antisymmetrical 
Parts (cf. §22). In a weak magnetic field, the symmetrical parts may be regarded as 
Constants independent of H, while the antisymmetric parts are linear in H. For an isotropic 
Conductor we have, to this accuracy, 


E = j/o +a grad T + RH xj + NH xgrad7, (27.5) 
q— $j = oJ j—K grad7 + NTH xXj+ LH xgradT. (27.6) 


Here o and x are the ordinary coefficients of electrical and thermal conductivity, « is the 

thermoelectric coefficient which appears in (26.1), R is the Hall coefficient, and N and Lare 

Mew coefficients. The term NH x grad7 may be regarded as representing the effect of the 

Magnetic field on the thermo-e.m.f. (called the Nernst effect), and the term LH x grad7 as 

_ tepresenting the effect of this field on the thermal conduction (called the Leduc—Righi 
effect). 


At a boundary between media, the normal components of the vectors j and q are 
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continuous, and therefore so is that of the vector —Kk grad] + afj+ NTHXj 
+ LH xgrad T. The term NTH xj gives the influence of the magnetic field on the Peltier 
effect (called the Ettingshausen effect). 

The amount of heat evolved in the conductor per unit time and volume is Q = — div q. 
Here we must substitute q from (27.6) and replace — grad ġ = E in accordance with (27.5). 
If the conductor is homogeneous, then the quantities a, N, L, etc. are functions of 
temperature alone, and so their gradients are proportional to grad T. In the calculation we 
neglect all quantities of the second order in H, and to the same approximation we can take 
curl (j/c) = curl E = 0. We also note that the external field H (arising from sources 
outside the conductor under consideration) is such that curl H = 0.+ Finally, div į = 0. as 
for any steady current. The result is 

oie . 1l d ; 
Q =— +div (k grad T) —7j- grado + —— —— (oNT?\(} xH) - gradT. 
o of dT 


The third term here gives the Thomson effect (26.7), and the last term gives the change in 
the Thomson effect resulting from the presence of the magnetic field. 


§28. Diffusion phenomena 


The presence of diffusion causes certain phenomena in electrolyte solutions which do 
not occur in solid conductors. We shall assume, for simplicity, that the temperature is the 
same everywhere in the solution, and so consider only pure diffusion phenomena, 
uncomplicated by thermoelectric effects. 

Instead of the pressure P and the concentration c, it is more convenient to take as 
independent variables the pressure and the chemical potential £. We here define ¢ as the 
derivative of the thermodynamic potential of unit mass of the solution with respect to its 
concentration c (at constant P and 7); by the concentration we mean the ratio of the mass 
of electrolyte in a volume element to the total mass of fluid in the same volume.t It may be 
recalled that the constancy of the chemical potential is (like that of the pressure and the 
temperature) one of the conditions of thermodynamic equilibrium. 

The definition of the electric field potential given in §26 has to be somewhat modified in 
this case, since the current is now carried by the ions of the dissolved electrolyte, and not by 
the conduction electrons. A suitable definition is (cf. the third footnote to §26) 
ġ = (0@/ép),, where ® is the thermodynamic potential and p the sum of the ion charges 1" 
unit volume of the solution (after differentiating we put p = 0, of course, because the 


+ This neglects the weak effect on the evolution of heat resulting from the magnetic fields of the currents 
themselves. 

t The chemical potentials are usually defined as Ç, = €®/@n,, C, = @@/én,, where ® is the thermodynam< 
potential of any mass of the solution, and n,, nz the numbers of particles of solute and solvent in that mass © 
solution. If ® is the thermodynamic potential per unit mass, then the numbers n, and n, are related by 
n,m, +n,m, = 1 (where m,, m, are the masses of the two kinds of particle), and the concentration c = 1!" 
Hence we have 

ô bôn OMOn, Sy -2 


e — ama 


~ ðc ôn, dc on, Oc om mı 


where ¢ is the chemical potential as here defined. 
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solution is electrically neutral). The derivative is taken at constant mass concentration. 1.e. 
at a given sum of the masses of ions of both signs in unit volume.? 

When a gradient of the chemical potential is present, a term proportional to it is added 
to the expression for the current density: 


j = o(E— f grad), (28.1) 


in analogy with the added term in (26.2). We shall see below that, for a given gradient of the 
chemical potential (and of the temperature), j must be independent of the pressure 
gradient, and so no term in grad P appears in (28.1). 

As well as the electric current, we have to consider the transport of the mass of the 
electrolyte which takes place at the same time. It must be borne in mind that the passage of 
acurrent through the solution may be accompanied by a macroscopic motion of the fluid. 
The mass flux density of the electrolyte resulting from this motion is pcv, where v is the 
velocity and p the density of the solution. The electrolyte is also transported by molecular 
diffusion. We denote the diffusion flux density by i, so that the total flux density is pcv + i. 
The irreversible processes of diffusion cause a further increase in entropy; the rate of 
change of the total entropy is§ 

d7 _ iF av— ee grad ay, (28.2) 
T T 

Like the electric current density, the diffusion flux may be written as a linear 
combination of E and gradć, or of j and grad¢. Using the symmetry of the kinetic 
coefficients, we can relate one of the coefficients in this combination to the coefficient f in 
(28.1), in exactly the same way as we did for j and q— ¢j in §26. The result is 


i= grad + pj. (28.3) 


pD 

(06/dc)p, 
The coefficient of grad is here expressed in terms of the ordinary diffusion coefficient, 
p being the density of matter. For j = 0 and constant pressure and temperature we have 
i= —pD grad c. 

The inadmissibility in (28.1) and (28.3) of terms proportional to the pressure gradient 
follows, as in §26, from the law of the increase of entropy: such terms would make the 
derivative of the total entropy (28.2) a quantity of variable sign. 

Formulae (28.1) and (28.3) give all the diffusion phenomena in electrolytes, but we shall 
not pause here to examine them more closely. 


PROBLEM 


Two parallel plates of a metal A are immersed in a solution of an electrolyte AX. Find the current density as a 
function of the potential difference applied between the plates. 


+ Ina strong electrolyte, the solute is completely dissociated, and so the mass concentration may be written as 
c=m,n, +m_n_,wherem, and m_ are the cation and anion masses, n, and n_ their number densities. With 
the above definition of the potential, @ = O corresponds to ¢, /m, = C_/m_ for the cation and anion chemical 
potentials, which are also related by €, +¢_ = (). 

t It should be emphasized, however, that, for a given concentration gradient j does depend on the pressure 


gradient: 
grad( = (0C/Cc)p rgradc + (6C/eP), r grad P. 


§ The derivation of the second term is given in FM, §57. 


104 Steady Current 


SOLUTION. When the current passes, metal is dissolved from one plate and deposited on the other. The 
solvent (water) remains at rest. and a mass flux of metal of densityt pv = jm/e occurs in the solution, where j is the 
electric current density, and m and eare the mass and charge of anion A * . This flux is also given by i + pvc, where 
i is as Shown in (28.3); assuming the pressure constant throughout the liquid,} we have 


d 
po =|p-"a-a | (i) 


where x is the coordinate in the direction of a line joining the electrodes. Since j = constant in the solution, this 
gives c 


TE Í pDdc 
N= | B mi-o (2) 


cy 


where c}, c are the concentrations at the surfaces of the plates, and / is the distance between them. 
The potential difference & between the plates is most simply found from the total amount of energy Q 
dissipated per unit time and unit area of the plates, which must equal jé. By (28.1), (28.2) we have 


dy ve at ea, 
= Į — = = D— {| — d = 6, 
Q dt ie oe oc \dx a 


and therefore, using (1), 


a pD dc Aj EOE |e 
~ | ao(B—mU—oje) J ac p e eS (3) 


Formulae (2) and (3) implicitly solve the problem. 
If the current j is small, the concentration difference c3 — c, is also small. Replacing the integrals by c,—c¢, 
times the integrands, we find the effective specific resistance of the solution: 


E&E 1 1 06 m 2 
Tea 


The first term in (3) gives the potential drop ( f (j/c) dx) due to the passage of the current. The second term is the 
e.m.f. due to the concentration gradient in the solution (in a certain sense analogous to the thermo-e.m.f.). This 
latter expression is independent of the conditions of the particular one-dimensional problem considered, and 1S 
the general expression for the e.m.f. of a “concentration cell”. 


t It may be recalled that the hydrodynamic velocity v in a solution is defined so that pv is the momentum of 
unit volume of the liquid; see FM, §57. Hence the fact that in this case only the dissolved metal is moving (relative 
to the electrodes) does not affect the calculation of pv. 

+ The change in pressure due to the motion of the liquid gives only terms of a higher order of smallness- 


CHAPTER IV 


STATIC MAGNETIC FIELD 


§29. Static magnetic field 


A STATIC magnetic field in matter satisfies two of Maxwell’s equations, obtained by 
averaging the microscopic equations 
lce 4n 


divh = 0, curlh = —-— + — pv. (29.1) 
cot ae 


The mean magnetic field is usually called the magnetic induction and denoted by B: 
h=B. (29.2) 
Hence the result of averaging the first equation (29.1) is 
div B = 0. (29.3) 


In the second equation, the time derivative gives zero on averaging, since the mean field is 
Supposed constant, and so we have 


curl B = (42/c) pv. (29.4) 


The mean value of the microscopic current density is in general not zero in either 
Conductors or dielectrics. The only difference between these two classes is that in 
dielectrics we always have 

f pv -df = 0, (29.5) 


Where the integral is taken over the area of any cross-section of the body; in conductors, 
this integral need not be zero. Let us suppose to begin with that there is no net current in 
the body if it is a conductor, i.e. that (29.5) holds. 

The vanishing of the integral in (29.5) for every cross-section of the body means that the 
Vector pv can be written as the curl of another vector, usually denoted by cM: 


pY = ccurlM, (29.6) 


Where M is zero outside the body; compare the similar discussion in §6. For, integrating 
over a surface bounded by a curve which encloses the body and nowhere enters it, we have 
PY-df =c f curl M -df = c$M -d1 = 0. The vector M is called the magnetization of the 


body. Substituting it in (29.4), we find 
curl H = 0, (29.7) 
Where the vector H and the magnetic induction B are related by 


h 


B = H + 47M, (29.8) 
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which is analogous to the relation between the electric field E and induction D. Although 
H is, by analogy with E, usually called the magnetic field, it must be remembered that the 
true mean field is really B and not H. 

To see the physical significance of the quantity M, let us consider the total magnetic 
moment due to all the charged particles moving in the body. By the definition of the 
magnetic moment (see Fields, §44), this ist 


(rx pvdV/2c = ł}fr curl Mdr. 


Since pv = 0 outside the body, the integral can be taken over any volume which includes 
the body. We transform the integral as follows: 


fr xcurl MdV = — $r x (M xdf) — f (M x grad) xrdV. 


The integral over the surface outside the body is zero. In the second term we have | 
(M x grad) xr = —Mdivr+M = —2M. Thus we obtain | 
| 


1 | 
5. [rxpvdV = f Mar. (29.9) 


We see that the magnetization vector is the magnetic moment per unit volume.t 

The equations (29.3) and (29.7) must be supplemented by a relation between H and Bin | 
order to complete the system of equations. For example, in non-ferromagnetic bodies in | 
fairly weak magnetic fields, B and H are linearly related. In isotropic bodies, this linear | 
relation becomes a simple proportionality: 


B = uH. (29.10) | 





The coefficient p is called the magnetic permeability. We also have M = yH, where the 
coefficient 
$ y = (u—1)/4n (29.11) 


is called the magnetic susceptibility. 

Unlike the permittivity £, which always exceeds unity, the magnetic permeability may be | 
either greater or less than unity. (It is, however, always positive, as we shall prove in §31. 
The reason for the differing behaviour of p and e is discussed in §32.) The magnetic 
susceptibility y may correspondingly be either positive or negative. 

Another, quantitative, difference is that the magnetic susceptibility of the great majority 
of bodies is very small in comparison with the dielectric susceptibility. This difference 
arises because the magnetization of a (non-ferromagnetic) body is a relativistic effect, of 
order v?/c?, where v is the velocity of the electrons in the atoms.§ 

In anisotropic bodies (crystals), the simple proportionality (29.10) is replaced by the 
linear relations 

B; = pir Ay. (29.12) 


+ For clarity, it should be emphasized that r here is a variable coordinate of integration, not the position vector 
of a microscopic particle; it therefore does not come under the averaging sign. 

t The quantity M is completely determined only when this relation is established. The relation (29.6) inside the 
body. and M = O outside it, do not uniquely define M: the gradient of any scalar could be added to M inside thé 
body without affecting (29.6) (cf. the similar remark in the first footnote to §6). . 

§ The ratio v/c appears with H in the Hamiltonian of the interaction of the body with the magnetic field, and 
again in the magnetic moments of the atoms or molecules. 
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The magnetic permeability tensor H; is symmetrical; this follows from the thermodynamic 
relations to be derived in §31, in exactly the same way as for e€,, (§13). 

From the equations div B = 0, curl H = 0 it follows (cf. §6) that at a boundary between 
two different media we must have 


Bin = B3, H, = H.. (29.13) 


This system of equations and boundary conditions is formally identical with those for the 
electrostatic field in a dielectric in the absence of free charges, differing only in that E and 
D are replaced by H and B respectively. Since curl H = 0, we can put H = — grad y; the 
equations for the potential y are the same as those for the electrostatic potential. Thus the 
solutions of the various problems of electrostatics discussed in Chapter II can be 
immediately applied to problems with a static magnetic field. In particular, the formulae 
derived in §8 for a dielectric ellipsoid in a uniform electric field hold also, with appropriate 
substitutions, for a magnetic ellipsoid in a uniform magnetic field. For example, the 
magnetic field H® and induction B® inside the ellipsoid are related to the external 
field $ by 

H+ nx( B,® E H,®) = §,, (29.14) 


where n; is the demagnetizing factor tensor. This relation is valid, whatever the relation 
between B and H. 

The tangential component of the magnetic induction, unlike its normal component, Is 
discontinuous at a surface separating two media. The magnitude of the discontinuity can 
be related to the current density on the surface. To do this, we integrate both sides of 
equation (29.4) over a small interval Al crossing the surface along the normal. We then let 
Al tend to zero; the integral {pvd! may tend to some finite limit. The quantity 


g = | pvdl (29.15) 


may be called the surface current density; it gives the charge passing per unit time across 
unit length of a line in the surface. We take the direction of gat a given point on the surface 
as the y-axis, and the direction of the normal from medium 1 to medium 2 as the x-axis. 
Then the integration of equation (29.4) gives 


OB, OB, d An An 
— xX = — r S ES 
Oz Ox c 9 
Since B, is continuous, the derivative ôB, /0z is finite, and so its integral tends to zero with 


Al. The integral of 0B, /ðx gives the difference in the values of B, on the two sides of the 
surface. Thus B,, —B,, = —4ng/c. This can be written in vector form: 


4ng/c = nx (B, — B, ) = 4nnx(M,—M,), (29:16) 








where n is a unit vector along the normal into region 2; the last member of (29.16) 1s 
obtained by using the continuity of the tangential component of H. 
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If a conductor carries a non-zero total current, the mean current density in it can be 
written as pv = cecuri M +j. The first term, resulting from the magnetization of the 
medium, makes no contribution to the total current, so that the net charge transfer through 
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a cross-section of the body is given by the integral {j-df of the second term. The quantity j 
is called the conduction current density.t The statements made in §21 apply to this current; 
in particular, the energy dissipated per unit time and volume is E- j. 

The distribution of the current j over the volume of the conductor is given by the 
equations of §21, which do not involve the magnetic field due to j itself, if we neglect the 
effect of this field on the conductivity of the body. Hence the magnetic field of the currents 
must be determined for a given current distribution. The equations satisfied by this field 
differ from those in §29 by the presence of a term 4zj/c on the right-hand side of (29.7): 


div B = 0, (30.1) 
curl H = 4zj/c. (30.2) 


The conduction current density j, which is proportional to the electric field, does not 
become infinite, and-in particular is finite on a surface separating two media. Hence the 
term on the right of (30.2) doesnot affect the boundary condition that the tangential 
component of H be continuous. 

To solve equations (30.1), (30:2), it is convenient to use the vector potential A, defined by 


B = curl A, (30.3) 


so that equation (30.1) is satisfied identically. Equation (30.3) does not uniquely define the 
vector potential, to which the gradient of any scalar may be added without affecting (30.3). 
For this reason we can impose on A a further condition, which we take to be 


div A = 0. (30.4) 


The equation for A is obtained by substituting (30.3) in (30.2). If the linear relation 
B = uH holds we have 


curl (G curl a) = 4rj/c. (30.5) 


In this form the equation is valid for any medium, homogeneous or not. 
In a homogeneous medium, p = constant, and since 


curlcurl A = graddivA— AA = —AA 
we find from (30.5) 


AA = —4nypj/c. 30.6 


If we have two or more adjoining media with different magnetic permeability p, tbe 
general equation (30.5) has the form (30.6) in each homogeneous medium, while at the 
interfaces the tangential component of the vector (1/p) curl A must be continuous: 
Moreover, the tangential component of A itself must be continuous, since a discontinuity 
would mean that the induction B was infinite at the boundary. ] 

The field equations are simpler in the two-dimensional problem of finding the magnetit 
field in a medium infinite and homogeneous in one direction (which we take as the 7 
direction), the currents which produce the field being everywhere in that direction, with thé 


+ The quantity c curl M is sometimes called the molecular current density. This name, however, is not I. 
complete accordance with the actual physical picture of motion of charges 1n 4 conductor. For example, in a metal 
the conduction electrons, as well as those moving in the atoms, contribute to the magnetization. 





§30 The magnetic field of a steady current 109 


current density j, = j depending only on x and y. We make the plausible assumption (to be 
confirmed by the result) that the vector potential of such a field is also in the z-direction: 
A, = A(x, y). The condition (30.4) is then satisfied identically; the magnetic field is 
everywhere parallel to the xy-plane. We denote by k a unit vector in the z-direction; then 


curl A = curl Ak = grad A xk, 


1 
curl (G curl a) = curl (m xk) = —kdiy grad A 
H pl u 


Hence equation (30.5) becomes 








gradA 4n 


div = hey) (30.7) 
H c 





ie. we in fact obtain one equation for the one scalar quantity A(x, y). For a piecewise 
homogeneous medium, (30.7) becomes 


A A= —4npj(x, y)/c. (30.8) 


with the boundary condition that A and (1/y)éA/én be continuous at an interface.t 
The magnetic field is easily found if the current distribution is symmetnical about the z- 

axis: j, = j(r) (where r is the distance from that axis). In this case the lines of magnetic force 

are evidently the circles r = constant. The magnitude of the field is found at once from the 


formula 
4 
$ Ha fi -df, (30.9) 
C 
which is the integral form of (30.2). Thus 
H (r) = 2J (r)/cr, (30.10) 


Where J (r) is the total current within the radius r. 

The reduction of the vector equation (30.5) to a single scalar equation is possible also if 
the current distribution is axially symmetrical and has in cylindrical polar coordinates r, ¢, 
athe form j, = j, = 0, jẹ = j (r, z). We seek the vector potential in the form A, = A, = 0, A, 


= A(r, z). The components of the magnetic induction B = curl A are B, = — 0A/ôz, B, 
= (1/r)é(rA)/ér, B, = 0, and the @-component of equation (30.2) gives 
Oo [100A o{1oe An 
| Sg ae el = —— j ; 30.11 
aF Ai Zeal TA ( ) 


The equations for the magnetic field of the currents can be solved in a general form in the 
g rtan case where the magnetic properties of the medium may be neglected, 
£ where we can put p = 1. The vector potential then satisfies in all space the equation 


S 


1 4 Should be noticed that the two-dimensional problem with a static magnetic field is equivalent to the 

A -dimensional electrostatic problem of determining the electric field due to extraneous charges with density 

i (x, y)ina dielectric medium. The equation to be solved in the latter problem is div (e grad ¢) = — 4T Pex, Where 

X IS the field potential; this differs from (30.7) only in that A, j/cand p are replaced by ¢, pex and 1/e respectively 

~e boundary conditions on A and ¢ are the same. A difference occurs, however, on passing to E and B from $ 

E i respectively. The vectors E = — grad ¢ and B = curl A are the same in magnitude but in perpendicular 
€ctions at any given point. 
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A. A = —4nj/cwithno conditions at the interfaces between different media (including the 
surface of the conductor on which the current flows). The solution of this equation which 
vanishes at infinity is 

a= [dav (30.12) 

c |R 
where R is the distance from the volume element dV to the point at which A is to be 
calculated (see Fields, §43). In taking the curl of this equation, we must remember that the 
integrand j,'R is to be differentiated with respect to the coordinates of this point, of which j 
is independent, so that 
curl (j/R) = grad (1/R)xj = — R xj/ RÌ, 


where the radius vector R is from dV to the point under consideration. Thus 





po n= |e ar. (30.13) 
c} R 
If the conductor on which the current flows is sufficiently thin (a thin wire), and if we are 
interested only in the field in the surrounding space, the thickness of the wire may be 
neglected. In what follows we shall often discuss such linear currents. The integration over 
the volume of the conductor is then replaced by an integration along its length: the 
formulae for linear currents are obtained from those for volume currents by making the 
substitution jd V > J dl, where J is the total current in the conductor. For example, from 
formulae (30.12) and (30.13) we have 
J {dt a | dixR 


Aa H ae 


= 30.14 
z PR a (30.14) 


The latter formula is Biot and Savart’s law. 

This simple formula for the magnetic field of a linear current does not depend on the 
assumption that u = 1. Since we neglect the thickness of the conductor, no boundary 
conditions at its surface need be applied, and the magnetic properties of the conducting 
material are of no importance (it may even be ferromagnetic). The solution of equation 
(30.6) for the field in the medium surrounding the conductor is therefore 


uJ {dl uJ {d1 xR : 
Ao E ee 30.15 
fA, Bet [oe (30.15) 





whatever the magnetic susceptibility of that medium. Thus the presence of the medium 
simply changes the magnetic induction by a factor p. The field H = B/y is unchanged. 

The problem of determining the magnetic field of linear currents can also be solved asa 
problem of potential theory. Since we neglect the volume of conductors, we are in fact 
determining the field in a region containing no currents except along certain line 
singularities. In the absence of currents, a static magnetic field has a scalar potential, which 
in a homogeneous medium satisfies Laplace’s equation. There is, however, an important 
difference between the magnetic field potential and the electrostatic potential: the latter is 
always a one-valued function, because curl E = 0 in all space (including charged regions) 
and so the change in the potential in going round any closed contour (i.e. the circulation of 
E round that contour) is zero. The circulation of the magnetic field round a contour 
enclosing a linear current is not zero, but 4rJ/c. Hence the potential changes by this 
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amount on each passage round a contour enclosing a linear current, i.e. it is a many-valued 
function. 

If the currents lie in a finite region of space (and p = 1 everywhere), the vector potential 
of the magnetic field at a great distance from the conductors is 


A = MXRIR?, (30.16) 


where , 
M = fr xjdV/2c (30.17) 
is the total magnetic moment of the system.+ 
For a linear current, this becomes 


M = J $r xd1/2c, 


and can be transformed into an integral over a surface bounded by the line of the current. 
The product df = $rxdi is equal in magnitude to the area of the triangular surface 
element formed by the vectors r and dt. The vector {df is independent of the particular 
surface (bounded by the current) over which it is taken. Thus the magnetic moment of a 
closed linear current is 

M=] $df/c. (30.18) 


In particular, for a plane closed linear current the magnetic moment is simply J S/c, where S 
is the area of the plane enclosed by the current. 

To conclude this section, we may briefly discuss the energy flux in a conductor. The 
energy dissipated as Joule heat in the conductor is derived from the energy of the 
electromagnetic field. In a steady state, the equation of continuity which expresses the law 
of conservation of energy is 

—divS = j ʻE, (30.19) 


where S is the energy flux density, given in a conductor by 
S = cE x H/4r, (30.20) 


which is formally the same as the expression for the Poynting vector for the field in a 
vacuum. This is easily verified directly by calculating div S from the equations curl E = 0 
and (30.2), when we obtain (30.19). 

Formula (30.20) also follows independently from the obvious condition that the normal 
component of S must be continuous at the surface of a conductor, if we use the continuity 
of E, and H, and the validity of (30.20) in the vacuum outside the body. 


PROBLEMS${ 


PROBLEM 1. Determine the scalar potential of the magnetic field of a closed linear current. 

SOLUTION. We transform the curvilinear integral into one over a surface bounded by the curve, obtaining 
J idl J 
cJR c 


1 
df prad —, 
| ROR 
J 1 
B = curl A = — — | (df- grad) grad — 
c R 


t See Fields, §44. In the derivation there given, we use explicitly the idea of a current as the result of the motion 
of individual charged particles. Such a derivation is, of course, quite general, but formula (30.16) can also be 
obtained by macroscopic arguments (see Problem 4). 

t In Problems 1—4, p = 1. 
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(where we have used the fact that A (1/R) = 0). Since B = — grad y, we have for the scalar potential 
im J af á 1 J {df-R 
TENA os Ry ed pee 
The integral is, geometrically, the solid angle Q subtended by the closed contour at the point considered. The 


above-mentioned many-valuedness of the potential is seen from the fact that, as this point describes a closed path 
embracing the wire, the angle Q changes suddenly from 27 to — 2z. 


PROBLEM 2. Find the magnetic field of a linear current flowing in a circle with radius a. 


SOLUTION. We take the origin of cylindrical polar coordinates r, ¢, z at the centre of the circle, with the angle 
¢ measured from the plane which passes through the z-axis and the point at which the field is calculated. The 
vector potential has only one component, A, = A(r, z), and by formula (30.14) we have 





J {cos¢dl 
a= R 
_ 2J a cos ġ dọ 


c J (a2 +r? +22 —2ar cos $) 
0 


Putting @ = $ (ġ — n), we find 
4J ja 


mane 
ê ekNr 


((1—3k*)K — E], 
where k? = 4ar/ [(a +r}? +z? ], and K and E are complete elliptic integrals of the first and second kinds: 
an $n 
dé 
K= | ——-——-, E= | < — k? sin? 0) dé. 
(1 —k? sin? 6) 
0 


o 


The components of the induction are 





B, = 9, 
_ ôA _ J 2z | ý a+r? +z? | 
” æ e r./[(a+n? +27] (a—r)? +z? 

5 1 ô A) J 2 eee 
= —-— (rA) = — — —— 5 E |. 
= rêr ý c VJila+r +27] (a—r? +z 


Here we have used the easily verified formulae 


ôK E K ôE E-K 
ôk =k(1—k?)_ k’ êk k 


On the axis (r = 0) we have B, = 0, B, = 2na?J/c(a? +z’)°'?, as can also be found by a straightforward 
calculation. 


PROBLEM 3. Determine the magnetic field in a cylindrical hole in a cylindrical conductor of infinite length 
carrying a current uniformly distributed over its cross-section (Fig. 18). 


SOLUTION. If there were no hole, the field in the cylinder would be given by H’, = —2njy/c, H’, = 2njxic. 
The dimensions and axes are as shown in Fig. 18. Ifa current with density — j were to flow in the inner cylinder, it 
would produce a field H”, = 2njy'/c, H”, = —2njx'/c. The required field in the hole is obtained by superposing 
these two fields. Since x —x’ = OO’ = h, and y = y', we have H, = 0, H, = 2njh/c = 2hJ /(b? —a’)c, i.e. a 
uniform field in the y-direction. 


PROBLEM 4. Derive from (30.12) the formula (30.16) for the vector potential of the field far from the 
currents. 


SOLUTION. We write R = R, —r, where Ro and rare the radius vectors from the origin (situated somewhere 
among the currents) to the point considered and to the volume element dV respectively. Expanding the integrand 
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Fic. 18 


in powers of r and using the fact that J jdV = 0, we have A; = (R,/cR*) (x, j, dV. The suffix 0 to R is omitted. 
Integrating by parts the identity f x,x, div j dV = 0 gives Í (ix, +3,x;) dV = 0. Hence we can write 

A; = (Ry/2cR*) | (x5; — Xij) AV, 
which agrees with (30.16). 


PROBLEM 5. Determine the magnetic field produced by a linear current in a magnetically anisotropic 
medium (A. S. Viglin, 1954). 


SOLUTION. In the anisotropic medium surrounding the conductor we have 


Where p, is the magnetic permeability tensor of the medium. Instead of introducing the vector potential by 
B= curl A, we use another vector C defined by 


H; = Chg OC,/ OX, (2) 


Where e, is the antisymmetrical unit tensor. Then equation (1) is again satisfied identically. We can also impose on 


me Vector C thus defined the condition 
div C = 6C,/éx, = 0. (3) 


Substituting (2) in curl H = 4zj/c, we obtain e,, 0H,/0x, = — Hyp0C,/0x, 0X, = 4nj,/c (using the condition (3) 
es the fact that €:€:mn = Sim Onn — ©;,Oum)- The equation thus obtained for C is the same in form as that for the 
~ tic field potential resulting from charges in an anisotropic medium (§13, Problem 2). The solution is 

1 jdV 


3 (lele RR) 


Ahere | | is the determinant of the tensor Hy, and R the radius vector from the point considered to d V. Fora linear 
irent we have 










ae f d1 
c// lpi eis RR). 


1. Thermodynamic relations in a magnetic field 


The thermodynamic relations for a magnetic substance in a magnetic field are, as we 
all see, very similar to the corresponding relations for a dielectric in an electric field. Their 
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derivation, however, is quite different from that given in §10. This difference is ultimately 
due to the fact that a magnetic field, unlike an electric field, does no work on charges 
moving in it (since the force acting on a charge is perpendicular to its velocity). Hence, to 
calculate the change in the energy of the medium when a magnetic field is applied, we must 
examine the electric fields induced by the change in the magnetic field and determine the 
work done by these fields on the currents which produce the magnetic field. 
Thus the equation which relates electric and variable magnetic fields must be used. This 
equation is 
1 ôB 
curl E = aS (31.1) 
it follows immediately on averaging the microscopic equation (1.3). 
During a time ôt, the field E does work dt f j-E dV on the currents j. This quantity with 
the opposite sign is the work ÔR “done on the field” by the external e.m.f. which.maintains 
the currents. Substituting 
j = c curl H/4z. 


we have 


ôR = -örs | Ereuna 
4n 


= ôt £ |div (Ex H) dF — ôt- H -curl E dF. 
An 4n 


The first integral, on being transformed to an integral over an infinitely distant surface, 1$ 
seen to be zero. In the second integral we substitute curl E from (31.1) and put ôB = 
ôt 0B/ôt for the change in the magnetic induction, obtaining finally 


ÔR = (H -ôB d V /4r. (31.2) 


This formula appears entirely analogous to the expression (10.2) for the work done in an 
infinitesimal change in the electric field. It must be pointed out, however, that the physical 
analogy between the two formulae is actually not complete, since H, unlike E, is not the 
mean value of the microscopic field. 

Having derived formula (31.2), we can write down all the thermodynamic relations fora 
magnetic substance in a magnetic field by analogy with those given in §10 for a dielectric in 
an electric field, simply replacing E and D by H and B respectively. We shall give some of 
these formulae here for purposes of reference. The differentials of the total free energy and 
the total internal energy are 


ÔF = — S T+ |H-8BdV/4nr, 
l (31.3) 
ÔU =T8F + (H-B dV/4r, 
and those of the corresponding quantities per unit volume are 
dF = — S dT +¢ dp + H -dB/4r. 
l (31.4) 


dU = T dS +¢ dp + H -dB/4r. 
We need also the thermodynamic potentials 


Ü = U—H-:B/4n,  F=F—H-B/4z, (31.5) 
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for which 


dF = —Sd7+(Cdp —B-dH/4z, 
a16 


dU =T dS +¢Cdp—B-dH/4z. 


If the linear relation B = uH holds, we can write the expressions for all these quantities in 
the form 


U =U, (S.p)+B?/8np. F = Fo(T.p)+ B?/8np, l Si 
U = U,(S.p)—pH?/8n, F= Fo (T. p)— uH ?/8r. 


The work ÔR (or, what is the same thing, the change 6¥ at constant temperature) can be 
written in a different form, in terms of the current density and the vector potential of the 
magnetic field. For this purpose we put 6B = curl ôA and 


1 
OF) = gy [H-cula ay 
An 


l 1 
aie [ai (HxdA)dV +— [oa -curlH dV. 
An 4n 


The first integral is again zero, and the second gives 

(6F), = |j-6AdV/c. (31.8) 
A similar transformation gives 

(SF), = —fA-djdV/c. (31.9) 


It is useful to note that in macroscopic electrodynamics the currents (sources of the 
magnetic field) are mathematically analogues of the potentials, not of the charges 
(the sources of the electric field). This is seen by comparing formulae (31.8) and (31.9) with 
the corresponding results for an electric field: 


(6F)=[ddpdV, (5¥),= — [pop dV (31.10) 


(see (10.13), (10.14)). We observe that the charges and potentials appear in these formulae 
in the opposite order to the currents and potentials in formulae (31.8), (31.9).t 

On account of the complete formal correspondence between the thermodynamic 
relations (expressed in terms of field and induction) for electric and magnetic fields, the 
thermodynamic inequalities derived in §18 can also be applied to magnetic fields. In 
particular, we have seen that it follows from these inequalities that £ > 0. In the electric case 
this result was of no interest, because it was weaker than the inequality £ > 1 which follows 
on other grounds. In the magnetic case, however, the corresponding inequality 
u > Ois very important, as it is the only restriction on the values which can be taken by the 
magnetic permeability. 


+ The significance of this difference is further discussed in the last footnote to §33. 


EUU-E 
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§32. The total free energy of a magnetic substance 


In §11 expressions have been derived for the total free energy ¥ of a dielectric in an 
electric field. One of the thermodynamic properties of this quantity is that the change in it 
gives the work done by the electric field on the body when the charges producing the field 
remain constant. In a magnetic field a similar part is played by the free energy F¥, since for 


re. 
. 


given currents producing the field the change in ¥ is the work done on the body. | 
The following derivation is entirely analogous to that given in §11. The “total” quantity | 


F is defined as 
N _ 
F [= (r2) dV, (32.1); 
87 


| 
| 


where $j is the magnetic field which would be produced by the given currents in the absence 
of the magnetizable medium. The plus sign appears in the parenthesis (instead of the minus | 
sign as in (11.1) ) because the value of F fora magnetic field in a vacuum is — f (§7/8x) dv 
(see (31.7)). The integration in (32.1) is taken over all space, including the volume occupied | 
by the conductors in which flow the currents producing the field.+ 

Let us calculate the change in ¥ (for a given temperature and no departure from 
thermodynamic equilibrium in the medium) corresponding to an infinitesimal change in) 
the field. Since 6F = — B-dH/4z, we have 


ôF = — f(B- ôH- 9-69) dV /4n 


= —{(H— §)-69dV/4n— [B-(6H— 6) dV/4n — {(B—H)-69dV/4z. 
(32.2) 


li 


Introducing the vector potential W of the field $, we can write in the first term 
(H— §)-59 = (H— §)-curl ôA 
= div [6Ux(H—-)] +ô- curi (H — 9). 
| 


By definition, the fields H and § are produced by the same currents J, the distribution of 
which over the volume of the conductors is (see §30) independent of the field which they 
produce, i.e. is independent of the presence or absence of magnetic substances in the 
surrounding medium. Hence curl H and curl § are both equal to 4zj/c, and s0 
curl (H — §) = 0. The integral of div [5% x (H — H) ] is transformed into an integral over 
an infinitely distant surface, and so vanishes. | 

Similarly, we see that the second term on the right of (32.2) is zero; thus 


oF = —{(B—H)-6HdV/An 
= —{M- 69dV. (323 















The expression which we have obtained for ôF is exactly similar to (11.3) for the 
electrostatic problem. In particular. in a uniform magnetic field H we have for dF a 


+ In §11 we took the integration in (11.1) over all space except the volume occupied by the charged conductor 
producing the field. This was possible because there is no electric field in a conductor, charged or not. There is 
magnetic field, however, inside the conductors which carry the currents, and it cannot be excluded in calculati 


the total free energy. 
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expression analogous to (11.5): 
d¥ =—SfdT-.M-d§, (32.4) 


where M is the total magnetic moment of the body. 
Without repeating the subsequent calculations, we shall write down the following 
formulae by analogy with those in §11. If the linear relation B = pH holds, we have 


F —F,(V.T) = —J4H-MadP. (32.5) 
In particular, if the external field is homogeneous, then 
F- FV, T) = —4H-%. (32.6) 


In the general case of an arbitrary relation between B and H, F can be calculated from the 
formula 








- f(r- F-ma )ar, (32.7) 


which is analogous to (11.12) for dielectrics. 

In §11 we gave also the simpler formulae obtained when the dielectric susceptibility is 
small. The analogous case for the magnetic problem is especially important because, as 
mentioned above, the magnetic susceptibility of the majority of bodies is indeed small. In 
this case 

F —F.= —4y[H? dV. (32.8) 


We can also derive results for the magnetic field analogous to those obtained in §14. 
These concern the change in the thermodynamic quantities resulting from an infinitesimal 
change in the magnetic permeability p, the field sources being assumed unchanged. It is 
clear from the foregoing that we must consider the change in ¥, and not that in F as in 
$14. 4 shall not repeat the derivation, which is similar to that of (14.1), but merely give the 
Tesult: 


ÔF = — f ôu H? dvV/8x. (32.9) 


In §14 we used the formula (11.7), an analogue of (32.5), to deduce that the dielectric 
Susceptibility of any substance is positive. In the magnetic case we cannot draw this 
€onclusion, and the magnetic susceptibility may be of either sign. The reason for this 
Marked difference is that the Hamiltonian of a system of charges moving in a magnetic field 
©Ontains not only terms linear in the field (as in the electric case) but also quadratic terms. 

ence, in determining the change in the free energy of the body in the magnetic field by 
E of perturbation theory as in (14.2), we have a contribution in the first approximation 
p as the second. In sucha case no general conclusion can be drawn concerning the sign 

the variation. It is positive for paramagnetic bodies and negative for diamagnetic ones. 

In §14 we also drew conclusions concerning the direction of motion of bodies in an 
Electric field. Similar conclusions follow from (32.9), but, since u may be either greater or 
*€ss than 1, there is no universal result. For example, in an almost uniform field 


| ‘Paramagnetic bodies (u a 1) move in the direction of H increasing, and diamagnetic bodies 
n < 1) in the opposite direction. 
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§33. The energy of a system of currents 


neither the conductors nor the medium surrounding them are ferromagnetic, so that 
B = pH everywhere. According to §31, the total free energy of the system is given in terms 
of the magnetic field of the currents by 


F =\H-BdV/8z. (33.1) 

Here we omit the quantity F ọ, which is a constant (at a given temperature) and is not 

related to the currents. The integration in (33.1) is taken over all space, both inside and 
outside the conductors. 

The same energy can also be expressed in terms of the currents by means of the integral 

F =\A-jdV/2c; (33.2) | 


cf. the derivation of (31.8) from (31.2). Here the integration extends only. over the 


conductors, because j = 0 outside them. | 
Since the field equations are linear, the magnetic field can be written as the sum of the 


fields resulting from each current alone with no current in the other conductors: H = 2H, 


Let us consider a system of conductors with currents flowing in them and assume that 





Then the total free energy (33.1) is | 
F=) Fuat Fa (33.3) | 

a a>b A 

where i 
Fa = [Ha B,dV/87, Fa= (H, :B, dV/4z. (33.4) | 


We have put ¥,, = Fea, since H, B, = pH, H, = H,-B,, where p is the magnetic | 
permeability at any point. The quantity F „a may be called the free self-energy of the current 
in the ath conductor, and F, the interaction energy of the ath and bth conductors. It 
should be borne in mind, however, that these names are strictly correct only if the magnetic 
properties of both the conductors and the medium are neglected. Otherwise the field, and 
therefore the energy, of each current depend on the position and magnetic permeability of 
the other conductors. 
The quantities (33.4) can also be expressed in terms of the currents j, in each conductor, 
in accordance with formula (33.2): 
F oq = Nig? Ag IV,/2¢, Fay= fia > Ap dV, /e = f je © Aa d V3/c- (33.5) 


The integral in F,,, is here taken only over the volume of the ath conductor; ¥ ,, can be 
written as either of the two expressions, in which the integration is over the volume of thel 
ath and bth conductor respectively. 

When the distribution of the current density over the volume of the conductor is given. 
F „depends only on the total current J, passing through a cross-section. Both the current 
density j and the field which it produces will be proportional to J,. Hence the integral F ais] 
proportional to J,’. and we write it 


F = Load 2 /2e?. (33.6) 








where L,,, is called the self-inductance of the conductor. Similarly, the interaction energy of 
two currents is proportional to the product J,J,: 


F = Landaol e- (33.7) 
| 
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The quantity L,, is called the mutual inductance of the conductors. Thus the total free 
energy of a system of currents is 


1 1 1 
F =} Lula +s } Ladal = a DY Lada- (33.8) 
2c a C a>b 2c a b 


The condition that this quadratic form should be positive definite places 
certain restrictions on the values of the coefficients. In particular L,, > 0 for all a, and 
Mel, > Lav- 

The calculation of the energy of currents in the general case of arbitrary three- 
dimensional conductors requires a complete solution of the field equations, and is a 
difficult problem. It becomes simpler if the magnetic permeability of both the conductors 
and the surrounding medium can be taken as unity. It should be noted that the energy of 
the currents is then no longer dependent on the thermodynamic state (in particular, on the 
temperature) of the bodies, and hence the free energy in the above formulae may be 
referred to simply as the energy. 

For u = | the vector field potential due to the currents j is given by formula (30.12). 
Hence the self-energy of the ath conductor is 


1 [firs 
F =— | |—dr dr, ; 
S aa Ic? [i R (33.9) 


where both integrations are taken over the volume of the conductor considered, and R is 
the distance between dV and dV’. Similarly, the mutual energy of two conductors is 





1 TOR 
Faz [i = dV,dV,, (33.10) 
where dV, and dV, are volume elements in the two conductors. 

The mutual energy of two linear currents is particularly easy to calculate. In formula 
(33.10) we change from volume currents to linear ones by replacing j,dV, and j,dV, by 
Jal, and J,d1, respectively, and we find that the mutual inductance is La, = §4d1,-d1,/R. 
In this approximation, therefore, L, depends only on the shape, size and relative position 
of the two currents. and not on the distribution of current over the cross-section of each 
wite. It must be emphasized that this simple formula can be obtained for linear currents 
without imposing the condition that u = 1. In the approximation where the thickness of the 
Mires is neglected, their magnetic properties have no effect on the field which they produce, 
and therefore no effect on their mutual energy. If the magnetic permeability p of the 
— surrounding the wires is different from unity, the vector potential is, by (30.15), 
N multiplied by u, and therefore so is the magnetic induction. The mutual inductance 

erefore multiplied by the same factor, so that 


Ly = uÈ $ d1, -d1,/R. (33.11) 


ba Self-inductance of linear conductors is much more difficult to calculate; we shall 
ISCuss it in §34. 


The total energy of a system of linear currents can be written in still another form. To do 
AS, we return to the integral (33.2), which for linear currents becomes 


— 
Lo ee REN (33.12) 
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where A is the vector potential of the total field at the element d1, of the ath conductor. The 
main error in going from (33.2) to (33.12) arises from neglecting the change in the field 
(including the field of the current considered) over the cross-section of the wire. Each of the 
contour integrals in (33.12) can be transformed into a surface integral: 


$A -d1, = f curl A-df, = f B-df,, 


i.e. it is the flux of the magnetic induction or magnetic flux through the circuit of the ath _ 
current. We denote this flux by ®,. Then 


l 
g y 33.13} 
S — Ie 5 J ®,- ( ri 


Similarly, the free energy F ofa linear current J in an external magnetic field, i.e. the energy 
without the self-energy of the field sources, can be expressed in terms of the magnetic flux. 
Evidently 

F = J®/c, (33.44) 


where © is the flux of the external field through the circuit of the current J. If the external 
field is uniform, and p = 1 in the external medium, then ® = §- fdf. Introducing the 
magnetic moment of the current in accordance with (30.18), we have F = M- $. 

Knowing the energy of a system of currents as a function of their shape, size and relative 
position, we can determine the forces on the conductors by simply differentiating with 
respect to the appropriate coordinates. Here, however, the question arises which 
characteristics of the currents should be kept constant in the differentiation. It is most 
convenient to differentiate at constant current. In this case the free energy is represented by 
F, and so the generalized force F, in the direction of a generalized coordinate q 1s 
F~~ (2 F /0q); 7. The suffixes show that the differentiation is effected at constant current 
and constant temperature. Since we omit the term independent of the currents in the free 
energy, F and F¥ differ only in sign, and so 


OF OF 1 OL 
F = —{—] =|= | = Jo e 33.15) 
(5) (E) an ge 


here and henceforward the suffix T to the derivatives is omitted, for brevity. 
In particular, the forces exerted on a conductor by its own magnetic field are given by tht 
formula 





= 2 6 
p= zz! P (33.16) 
where L is the self-inductance of the conductor. The nature of these forces can be seen 4 
follows. For given current (and temperature), # tends to a minimum. Sinc? 
F = —LJ?/2c?, this means that the forces on the conductor will tend to increase its self- 
inductance. The latter, having the dimensions of length, must be proportional to the 
dimension of the conductor. Thus the effect of the magnetic field is to increase the size © 
the conductor. 
For a current in an external magnetic field we havet 


GF =-F=-M-§. (33.17) 


+ The factor 4 which appears in (32.6) is absent in (33.17) because the magni A a the current in thé 
latter equation is independent of the field, whereas the magnetic moment 1 (32.6) is itself due to the field. 
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In all the above formulae for the energy it is assumed that there is a linear relation 
petween the magnetic field and induction. In the general case where this relation is 
arbitrary, analogous differential relations can be set up. The change in the free energy 
resulting from an infinitesimal change in the field (at constant temperature) is, by (31.8), 
F = {j.6A dV’/c or, for a system of linear currents, 


ÔF = ayy: oa -dl,. 
c a 
Proceeding as in the derivation of (33.13) from (33.12), we havet 
1 
ÔF =~) J,6®,. (33.18) 
c a 


Similarly, we find from (31.9) 
A l 
ÔF =—-) O,6J,. (33.19) 
C a 


Thus we can say that, for a system of linear currents, ¥ is the thermodynamic potential 
with respect to the magnetic fluxes. and ¥ with respect to the currents, the two potentials 
being related by 


> ! 
F =F —-YJ,®,. (33.20) 
C a 


Whatever the magnetic properties of the substance, therefore, the thermodynamic 
relations 
J,/c = 0F /€®,. D,/c = —0F /éJ, (33.21) 


hold. If these formulae are applied to the case where the field and induction are linearly 
related, so that F is given by (33.8), we obtain 


l 
D, =- Lade- (33.22) 


Thus the inductances are the coefficients of proportionality between the magnetic fluxes 
and the currents which produce the magnetic field. The product L,, J,/c is the magnetic 
flux through the circuit of the current J, due to the current J,(b # a), and Laa Ja/ € is that 
due to the current J, itself. 


§34, The self-inductance of linear conductors 


In calculating the self-inductance of a linear conductor its thickness cannot be entirely 
neglected as it was in calculating the mutual inductance of two conductors. If it were, we 


o —— 


a There is an obvious analogy between formulae (33.18) and (10.13) in the magnetic and electric cases 

i Pectively. In the magnetic case, the induction fluxes play the role of charges. The analogy has a clear physical 

witerpretation. Just as the electric field can be maintained without any external energy supply, by charges on 
: Sulated conductors, the magnetic field can be maintained, without any external energy supply. by 
Uperconducting solenoids across which the magnetic fluxes remain constant. It is therefore not surprising that 

ae change in the free energy F in the electric and magnetic cases is governed by the changes in the charges and in 
NE induction fluxes respectively. 
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should obtain from (33.9) the self-inductance L = $$d1 -d1’/R, where both integrals are 
taken along the same circuit, and this integral is logarithmically divergent as R > 0. 

The exact value of the self-inductance of a conductor depends on the distribution of 
current in it, which may vary with the manner of excitation of the current, i.e. with the 
manner of application of the electromotive force. For a linear conductor, however, the self- 
inductance does not, to a fairly high accuracy, depend on the distribution of current over 
the cross-section. Ħ 

Let us write the self-inductance as L = L, + L,, where Le and L; result from the 
magnetic field energy outside and inside the conductor respectively. For a linear conductor, 
the “external” part L, makes the main contribution to the self-inductance. This 1s because 
most of the magnetic energy of a closed linear circuit resides in the field at distances from 
the wire large compared with its thickness. For the energy per unit length of an infinite 
straight wire is 


(u, /8n) { H? -27r dr = (u,/82)§ (25 /cr)* - 2nr dr = (pe J7/c?) (dr/r, 


where r is the distance from the axis of the wire and u, the magnetic permeability of the 
external medium. This integral diverges logarithmically for large r. For a closed linear 
circuit, of course, this divergence disappears, because the integral is “cut off” at distances of 
the order of the dimension of the circuit. We obtain an approximate value for the energy on 
multiplying this integral by the total length l of the wire, and taking las the upper limit and 
the radius a of the wire as the lower limit. The result is (p, J 71/c) log (l/a), and hence the 
self-inductance is 

L = 2p, log (i/a). (34.1) 


This expression is said to be of logarithmic accuracy: its relative error is of the order of 
1/log (l/a), and the ratio l/a is assumed to be so large that its logarithm is large.t 

A particular case of a linear conductor is a solenoid, which consists of a wire wound in a 
helix, with the turns very close together. Neglecting the thickness of the wire and the 
distance between the turns, we have simply a conducting cylindrical surface with a “surface” 
conduction current on it. The equation curl H = 4zj/c within the conductor is here 
replaced by the boundary condition. 


nx (H, — H, ) = 478/c, (34.2) 


where gis the surface current density, H, and H, the fields on each side of the surface, and " 
the unit normal vector into medium 2; cf. the derivation of (29.16). ' 
If the solenoid is an infinitely long cylinder, the magnetic field which it produces can be 
found very simply. The surface currents flow in circles, and their density g = nJ, where J 15 
the current in the wire and n the number of turns per unit length of the solenoid. The field 
outside the cylinder is zero; the field inside is uniform and along the axis of the cylinder, and 


+ More precisely, it is independent of the distribution of current provided that the current density vat 168 
appreciably only over distances comparable with the thickness a of the wire. If, however, the distribution 1s se 
that the current density varies appreciably over distances small compared with a (as happens, for particulé 
reasons, in the skin effect and in superconductors), then the self-inductance does depend on the distribution- 

+ The assertion made above that the self-inductance is independent of the current distribution actually applies 
not only to the approximation (34.1) but also to the next approximation, in which terms not containing the larg? 
logarithm are included (or, what is the same thing, the coefficient of l/a is included in the argument of thë 
logarithm); see the Problems at the end of this section. 
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is H = 4nnJ /c. For this field evidently satisfies the equations div H = 0, curl H = 0 in all 
space outside the conducting surface, and also the boundary condition (34.2) at that 
surface. 

Accordingly, the field energy per unit length of the cylinder is 


nH nb? /8n = 2n?n*b? py, J? /c?, 


where b is the radius of the cylinder and p, pertains to the material within the solenoid. 
Neglecting the end effects, we can apply this formula also to a solenoid whose length h is 
finite, but large compared with b. Then the self-inductance is 


L = 477n*b*hp, = 27 penbl, (34.3) 


where | = 27bnh is the total length of the wire. The greater self-inductance of a solenoid as 
compared with that of a straight wire of equal length (cf. (34.1)) is, of course, due to the 
mutual induction between adjoining turns. 


PROBLEMS} 


PROBLEM 1. Determine the self-inductance of a closed circuit of thin wire of circular cross-section. 


SOLUTION. The magnetic field in the wire can be taken to be the same as that inside an infinite straight 
cylinder: H = 2Jr/ca?°, where r is the distance from the axis of the wire and a its radius. Hence we find the internal 
part of the self-inductance: 


L,=—— | H?7dV = }lp;, (1) 
TT 


where / is the length of the wire. 

To calculate Z,, we notice that the field outside a thin wire is independent of the distribution of current over its 
cross-section. In particular, the energy ¥, of the external magnetic field is unchanged if we assume that the current 
flows only on the surface of the wire. The field inside the wire is then zero, and ¥, may be calculated as the total 
energy from formula (33.2). On account of the assumed surface distribution of the current, the integral in this 
formula becomes a line integral along the axis of the wire, and sovthe external part of the self-inductance is 

2c? J A a 

e J 2 Ic [ b-a 3 
Where the value of A in the integrand is taken at the surface of the wire. In obtaining this formula we also use the 
fact that, in the approximation used here, the field is constant along the perimeter of a cross-section. 
Having reduced the problem to that of calculating A for r = a, we now make a different assumption concerning 
the current distribution, namely that the whole current J flows along the axis of the wire. The field on the surface 
Q the wire is, in the approximation considered, unchanged by this assumption (nor would it be changed for a 
Straight wire of circular cross-section). Then. by formula (30.14), we have 


J d 
(AL-.=2| te | P ’ 


+ Ris the distance from the element d1 of the axis to a given point on the surface of the wire. We divide the 
EN A into two parts, one for which R > Aand the other for which R < A, where A isa distance small compared 
a e dimension of the circuit but large compared with the radius a of the wire. In the integral where R > A, 

ay be neglected and R taken simply as the distance between two points on the circuit. The vector integral where 


d; F A may be assumed to be along the tangent at the point considered. Denoting by t the unit vector in that 
Ifection, we have 


II? 


= = = 1 
< —A 


= 2tlog(2A/a). 
Oo 


t In Problems 1—6 we assume j, = 1. 
t A similar procedure was used to calculate the capacitance of a thin ring in §2, Problem 4. 








124 Static Magnetic Field 
This expression can be written as the integral 


f  dI/R. 


A>R>ta 


where R is again the distance between points on the circuit. Adding the two integrals for R > Aand R < A, we 


obtain 
J dl 
Al._. =— pe 
{ lean c | R 3 
R> ta 


from which the arbitrary parameter A has disappeared, as it should. 
The final result is therefore 
dl -dl’ 
Lo = {| ii. (2) 
R 


R>ła 





The integration here extends over all pairs of points on the circuit whose distance apart exceeds ła. 


PROBLEM 2. Determine the self-inductance of a thin wire ring (with radius b) of circular cross-section (with 
radius a). 


SOLUTION. The integrand in (2), Problem 1, depends only on the central angle @ subtended by the chord R 
and R = 2bsin4¢, while d1-d1’ = didl’ cos ¢. Hence 


n 


-27b +b 
r=2 [1 nb bdo 


- = 4rnb | — logtanįġo— 2 cos$ġo ]. 
2bsin 3 iia ave 


$o 


The lower limit of integration is determined from 2b sin4¢, = 4a, whence ġo ~ a/2b. Substituting this value and 
adding L; = nbp;, we have to the required accuracy 


L = 4nb [log (8b/a) — 2 + 4p, ]. 
In particular, for p; = 1 we obtain 
L = 4nb {log (8b/a) — (7/4) ]. 


PROBLEM 3. Determine the extension of a ring of wire (with p; = 1) under the action of the magnetic field of 
current flowing in it. 


SOLUTION. The internal stresses parallel and perpendicular to the axis are, by (33.16), given by 
a Oia s FOL 
GE Galera aa 2nabo, = —5=-- 
2c* (2nb) 2c’ Ca 
Substituting L from Problem 2, we have 
J: 8b 3 J> 
ne a a 4 | rat 


Hence the required relative extension of the ring is 


Ab 1 J? 8h 3 A 
— = —(0,—200,)= (10-5 +20) 
E a 4 


b nac E 


where E is Young’s modulus and ø Poisson’s ratio for the wire; see TE, §5. 


5 : : , : ith 
PROBLEM 4. Determine the self-inductance per unit length of a system of two parallel straight wires be | 
u, = 1) having circular cross-sections of radii a and b. with their axes a distance h apart, and carrying eq", 


currents J in opposite directions (Fig. 19). i 


SOLUTION. The vector potential of the magnetic field of each current is parle ae axes of the wires, ands? 
the two vector potentials can be added algebraically. For the magnetic field of wire 1, witha uniformly distribut® 
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Fic. 19 


current + J, we have in cylindrical polar coordinates 


J re 
A, =—|C-— Jforr<a, 


a 


c 
J r 

4, =2(c-1-2108" ) for r >a, 
c a 


where C is an arbitrary constant; A, is continuous at the surface of the wire. The formulae for wire 2 are obtained 
by substituting b for a and changing the sign of J. Integration over the cross-section of wire 1 in formula (33.2) 
gives 


iy? r? ( r3 
c-a VEN (7 gee ey yr 
2c? na? K a? ) £ 2log b dh 


a 2R 


J? n h? +r,? — 2hr, cos ġ Jea h 
ms | | Yi e toe e mn aa eh) 


0 0 








The integration over the cross-section of wire 2 gives the same thing with a in place of b. The required self- 
Inductance per unit length of the double wire is therefore 


L = 1+2log(h?/ab). 
PROBLEM 5. Determine the self-inductance of a toroidal solenoid. 


SOLUTION. We regard the solenoid as a toroidal conducting surface carrying surface currents with density 
9=NJ/2nr, where N is the total number of turns and J the current; the coordinates and dimensions are as shown 
ìn Fig, 20 (p. 126). The magnetic field outside the solenoid is zero, and inside the solenoid H;,= H,, =9, 
ae =2NJ/cr, where r, z, ¢ are cylindrical polar coordinates; for this solution satisfies the equations 

WH = 0, curl H = 0 and the boundary condition (34.2).t The energy of the magnetic field in the solenoid is 


§(H,2/8n)dV = (N2J?/c?)§zdr/r, 


Ie the integration is taken along the perimeter of the cross-section, and is easily effected by putting z = asin 0, 
= b+ acos0. The self-inductance is found to be 


L = 4nN? [b — ./(b? — a?) ]. 


PROBLEM 6. Determine the end-effect correction of order l/h to the expression (34.3) (with He = 1) for the 
Seif-inductance of a cylindrical solenoid. 


SoLution. The self-inductance is calculated as a double integral over the surface of the solenoid: 
wail £1 °82 


+ It is valid also for an annular solenoid with any cross-section. 





126 Static Magnetic Field 





Fic. 20 


where g is the surface current density (g = nJ ). In cylindrical polar coordinates 


h 2x 


h 
L= amn | | | cos ġ dọ dz, dz, 
00 





a [(z1— zı} +40? sin’ 3¢ ] 


0 


hn 
ae Í (h— Qycosgdg dt 
00 J (C2 +4b? sin? to) 


where ¢ is the angle between the diametral planes through df, and df, and { = 7, —2;- 
Effecting the integration with respect to ¢, we have for hè b 


h 
L = 8nb?n? | [hlog——, -h+ 2b sini ¢ ]cos ¢ d@, 
bsin3¢ 
0 


and finally 
L = 4n*b?n? [h— 8b/37 ]. 


PROBLEM 7. Determine the factor by which the self-inductance of a plane circuit changes when it is placed on 
the surface of a half-space of magnetic permeability pe- The internal part of the self-inductance is neglected. 


SOLUTION. Itis evident from symmetry that, in the absence of the half-space, the magnetic field of the current 
is symmetrical about the plane of the circuit, and the lines of magnetic force cross that plane normally. Let this 
field be Hy. We can satisfy the field equations and the boundary conditions on the surface of the half-space by 
putting H = 24, Ho/ (He + 1) in the vacuum and B = p,H = 2u,Ho/(u. + 1) in the medium: B, and H, are then 
continuous at the boundary, and the circulation of H along any line of force is equal to that of Hy. Hence we east 


see that, when the medium is present, the total energy of the field. and therefore the self-inductance of the circul. 
are multiplied by 2pe/(He + D. 








835. Forces in a magnetic field 


To determine the forces on matter in a magnetic field hardly any further calculations a! 
necessary, on account of the complete analogy with electrostatics. The analogy is du“ 
mainly to the fact that the expressions for the thermodynamic quantities in a magnetic fiel 
differ from those for an electric field only in that E and D are replaced by H and 
respectively. In calculating the stress tensor in §15 we used the fact that the electric fiel 
satisfies the equation curl E = 0, and is therefore a potential field. The magnetic fel 
satisfies the equation 

curl H = 4rj/c, (35.1) 


§35 Forces in a magnetic field 127 


which reduces to curl H = 0 only in the absence of conduction currents. In calculating the 
stress tensor, however, we must always put j = 0. Since j involves the derivatives of the 
magnetic field, an allowance for the currents in calculating the stresses would amount to 
adding to the stress tensor o,, the very small corrections due to the non-uniformity of the 
field; cf. the second footnote to §15. 

Thus all the formulae obtained in §§15 and 16 for the stress tensor can be applied 
immediately for a magnetic field. For example, in a fluid medium with B = uH we have 


H? Cu HHH, 
Cir = — Pole, Dia- pe u- SE) Jans re (35.2) 


From this the body forces are calculated by the formula f; = 60;,/éx,. If the medium is a 
conductor carrying a current, the calculation differs from that in §15 in that the equation 
curl H = 0 is replaced by (35.1). 

Differentiating (35.2) and using also the equation div B = div (H) = 0, we find 





Ôp 


Op 


1 
= — grad P, + — H? 
O T grad 5 ( 8x 8x 


H? 
) l — grad u — grad H? +7 (4 -grad)H. 
T 


By a well-known formula of vector analysis, 


(H - grad)H = 4 grad H?’ — H x curl H 


= grad H? +47j x H/c. 
Thus 2 
1 5. Pe H u 
f= — grad P, + — grad| H*p|—} |——— gradu +— J xH. (35.3) 
87 Op},\ 8r C 


The last term does not appear in the corresponding formula (15.12). It would, however, 
beincorrect to suppose that the presence of this term means that a force can be isolated in f 
which is due to the conduction current. The reason is that, by (35.1), the current } is 
inseparable from non-uniformity of the field, and another term in (35.3) also involves the 
Space derivatives of the field. When the magnetic permeability of the medium is appreciably 
different from unity, all the terms in ( 35.3) are in general of the same order of magnitude. 

If, however, as usually happens, p is close to 1, the last term in (35.3) gives the main 
fontribution to the force when a conduction current is present, and the remaining terms 
rm only a small correction. In calculating the forces we can then put py = 1, obtaining 


simply 
f=jxH/c. (35.4) 


The term — grad P, is of no interest henceforward. and we omit it. For u = 1 the properties 
Of the substance have no effect on the magnetic phenomena, and the expression (35.4) for 
N€ force is equally valid for fluid and for solid conductors. The total force exerted bya 
Magnetic field on a conductor carrying a current is given by the integral 


¥ F = |jxHdV/c. (35.5) 


, Mmula (35.4) can, of course, be very easily obtained from the familiar expression for the 
_~°rentz force. The macroscopic force on a body at rest in a magnetic field is just the 
_“Veraged Lorentz force exerted on the charged particles in the body by the microscopic 
i eld h: f = pv xh/c. For p = 1 the field h is equal to the mean field H, and the mean value 
f pv is the conduction current density. 
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When a conductor moves, the forces (35.4) do mechanical work on it. At first sight it 
might appear that this contradicts the result that the Lorentz forces do no work on moving 
charges. In reality, of course, there is no contradiction, since the work done by the Lorentz 
forces in a moving conductor includes not only the mechanical work but also the work 
done by the electromotive forces induced in the conductor during its motion. These two 
quantities of work are equal and opposite; see the second footnote to §63. 

In the expression (35.4) H is the true value of the magnetic field due both to external 
sources and to the currents themselves on which the force (35.4) acts. In calculating the 
total force from (35.5), however, we can take H to be simply the external field $in which 
the conductor carrying a current is placed. The field of the conductor itself cannot, by the 
law of conservation of momentum, contribute to the total force acting on the conductor, 

The calculation of the forces is particularly simple for a linear conductor. Its magnetic 
properties are of no significance, and, if u = 1 in the surrounding medium, the total force 
on the conductor is given by the line integral 


F = J $d1 x §/c. (35.6) 


This expression can be written as an integral over a surface bounded by the current 
circuit. Using Stokes’ theorem, we replace dł by the operator dfx grad, obtaining 
$dl x H = | (df x grad) x $. Now 


(df x grad) x H = —dfdiv H+ grad (df- H) 
= —dfdiv H+ df x curl H+ (df- grad). 
But div § = 0, and in the space outside the currents curl $% = 0 also. Thus 
F = J | (df- grad) 9/c. | (35.7) 
In particular, in an almost uniform external field H can be taken outside the integral, 


together with the operator grad. With the magnetic moment of the current given by 
(30.18), we then have the obvious result 


F = (M - grad) 9. (35.8) 


Since M in this formula is constant, we can also write 
F = grad(.7-), (35.9) 


in agreement with the expression (33.17) for the energy of the current. The torque acting O” 
a current in an almost uniform field is easily seen to be given by the usual expression 


K =.4x§. (35.10) 


PROBLEM i 
pee o 
Determine the force on a straight wire carrying a current J and parallel to an infinite circular cylinder wit 
magnetic permeability x, radius a and axis at a distance b from the wire. 


SOLUTION. On account of the relation, mentioned in the second footnote to §30, between two-dimension® 
problems of electrostatics and magnetostatics, the field of the current is obtained from ng en in §7, melon 
by changing the notation. The field in the space round the cylinder is the same as that ae uced In a vacuum by t 
current J and currents + J’ and —J‘ through A and O° (Fig. 12, §7) respectively, where J’ = (u—1)J /{u + 1). 
The field within the cylinder is the same as that due to a current J” = 2J /(u + 1) through O. The force per unit 
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length of the conductor is 





2JJ'f 1 1 
f= 52 f(¢=— | 
c OA OO’ 
25 *a*(u—1) 
~ b(b? — a?)(u + Vc? 
Similarly we find (see §7, Problem 4) that a linear conductor passing through a cylindrical hole in a magnetic 


medium is attracted to the nearest surface of the hole by a force 


F = 2J *b(u—1)/(a? —b?)(u + 1)c?. 
§36. Gyromagnetic phenomena 


Uniform rotation of a body (having no magnetic structure) causes a magnetization 
which is linearly dependent on the angular velocity Q (the Barnett effect). 
Phenomenologically, a linear relation between the vectors M and © is possible because 
both change sign under time reversal. Since both are axial vectors, the relation can hold 
even in an isotropic body, where it reduces to a simple proportionality between.@ and Q. 

There must also be an inverse effect: a freely suspended body, on being magnetized, 
begins to rotate (the Einstein-de Haas effect). There is a simple thermodynamic relation 
between the two effects; it can be derived as follows. 

As we know (see SP 1, §26), the thermodynamic potential with respect to the angular 
velocity (for given temperature and volume of the body) is the free energy ¥’ of the body 
in a system of coordinates rotating with it. The angular momentum L of the body is 


L = —aF'/aQ. (36.1) 


The gyromagnetic phenomena are described by adding to the free energy a further term, 
Which is the first term containing both Q and M in an expansion in powers of Q and of the 
Magnetization M at each point in the body. This term is linear in both, Le. it is 


F ' gyro = — SAn Q; M, AV = —Ay QM, (36.2) 


Where /,, is a constant tensor, in general unsymmetrical. 

According to (36.1) and (36.2) the angular momentum acquired by the body as a result of 
Magnetization is related to its total magnetic moment by L gyro,i = Å; q. It is usual to 
feplace /,;, by the inverse tensor, defined as g;, = (2mc/e)A~',, where e and m are the 


electron charge and mass. The dimensionless quantities g, are called gyromagnetic 
Coefficients. Then 
M: za (e/2mc)Jir Lgyro,k- (36.3) 


} The expression (36.2) also shows that, as regards its magnetic effect, the rotation of the 
Ody is equivalent to an external field §, = 4; Q, or 
H; = (2mc/e)g ~ F Q,. (36.4) 


We thus have the possibility, in principle, of calculating the magnetization caused by the 


Tetation. For example, if the magnetic susceptibility x,, of the body is small, the magnetic 
Moment which it acquires is independent of its shape and is 


Mi = Xik Dı = (2mc/e)Xixg * Qh. 


ormulae (36.3) and (36.4) represent respectively the Einstein-de Haas and Barnett effects. 
We see that both effects are determined by the same tensor g,,. 





CHAPTER V 


FERROMAGNETISM AND 
ANTIFERROMAGNETISM 


§37. Magnetic symmetry of crystals 


THERE is a profound difference between the electric properties of crystals and their 
magnetic properties, which results from a difference in the behaviour of charges and 
currents with respect to time reversal. 

The invariance of the equations of motion with respect to this change means that the 
formal substitution t + — t, on being applied to any state of thermodynamic equilibrium 
of a body, must give some possible equilibrium state. There are then two possibilities: 
either the state obtained by changing the sign of t is the same as the original state, or it is 
not. 

In this section we denote by p(x, y, z) and (x, y, z) the true (microscopic) charge and 
current densities at any given point in the crystal, averaged only over time, and not over 
“physically infinitesimal” volumes as in the macroscopic theory. These are the functions 
which determine the electric and magnetic structure of the crystal respectively. 

When t is replaced by — t, j changes sign. If the state of the body remains unchanged, it 
follows that į = —j, i.e. į = 0. Thus there is a reason why bodies can exist in which the 
function j (x, y, z) is identically zero. In such bodies, not only the current density but also 
the (time) average magnetic field and magnetic moment vanish at every point (we are 
speaking, of course, of states in the absence of an external magnetic field). Such bodies may 
be said to have no “magnetic structure”, and indeed the great majority of bodies fall into 
this category. 

The charge density p, on the other hand, is unchanged when t > — t. There is therefore 
no reason why this function should be identically zero. In other words, there are no 
crystals without “electric structure”, and herein lies the essential difference, mentioned at 
the beginning of this section, between the electric and the magnetic properties of crystals. 

Let us now consider crystals for which the change from t to — t results in a change © 
state, so that j # 0.We shall say that such bodies have a magnetic structure. First of all, we 
note that, although jis not zero, there can be no total current in an equilibrium state of the 
body, i.e. the integral {jdV taken over a unit cell must always be zero.+ Otherwise the 
current would produce a macroscopic magnetic field, and the crystal would have 4 
magnetic energy per unit volume increasing rapidly with its dimensions. Since such a state 
is energetically unfavourable, it could not correspond to thermodynamic equilibrium. 


E -I p 


The currents j may, however, produce a non-zero macroscopic magnetic moment, 1-& 


+ It should be emphasized that the cell spoken of here is the true unit cell, whose definition involves the 


magnetic structure of the crystal, and this “magnetic cell” may be different from the purely Crystallographic cell- 


which relates only to the symmetry of the charge distribution in the lattice (cf. §38 below). 
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the integral f r xj dV, again taken over a unit cell, need not be zero. Accordingly, the bodies 
for which j + 0 may be divided into two types: those in which the macroscopic magnetic 
moment is not zero, called ferromagnets, and those in which it is zero, called 
antiferromagnets. 

What are the possible symmetry groups of the current distribution j(x, y, z)? This 
symmetry contains, first of all, the usual rotations, reflections and translations, and so the 
possible symmetry groups of j always include the usual 230 crystallographic space 
symmetry groups. These, however, are by no meansall. As has already been mentioned, the 
substitution t > —t changes the sign of the vector j. For this reason a new symmetry 
element comes in, namely that resulting from the reversal of all currents; we shall denote 
his transformation by R. If the current distribution itself has the symmetry R, it follows that 
|= —j, i.e. j = 0, and the body has no magnetic structure. A non-zero function j (x, y, z) 
may, however, be symmetrical with respect to various combinations of R with the other 
ymmetry elements (rotations, reflections and translations). Thus the problem of 
determining the possible types of symmetry of the current distribution (the magnetic space 
groups) amounts to the enumeration of all possible groups containing both the 
transformations of the ordinary space groups and the combinations of these with R. 

Tf the symmetry of the current distribution is given, the crystallographic symmetry of 
the particle distribution, which is also the symmetry of the function p(x, y, z), is 
determined. It is the symmetry of the space group which is obtained from the symmetry 
group of j by formally regarding the transformation R as the identity (as it is with respect 
to the function p). 

Tf only the macroscopic properties of the body are of interest, however, it is not necessary 
O Know the complete symmetry group of the function j(x, y, z). These properties depend 
ily on the direction in the crystal, and the translational symmetry of the lattice does not 
affect them. As regards crystallographic structure, the “symmetry of directions” is specified 
by the 32 crystal classes. These are the symmetry groups consisting of rotations and 
feflections only. and are obtained from the space groups by regarding every translation as 
identity, and the screw axes and glide planes as simple axes and planes of symmetry. As 
egards the magnetic properties, the macroscopic symmetry can be classified by groups 
Consisting of rotations, reflections and combinations of these with R) which may be called 
me magnetic crystal classes. They are related to the magnetic space groups in the same way 
| @Sare the ordinary crystal classes to the ordinary space groups. They include, firstly, the 
j ' al 32 classes, and those classes augmented by the element R. These augmented classes 
| = in particular, the macroscopic symmetry groups for all bodies having no magnetic 

Mucture, but they occur also in bodies with magnetic structure. This happens if the 
Magnetic space symmetry group of such bodies includes R only in combination with 
*Nslations, and not alone. 
| { here are also 58 classes in which R enters only in combination with rotations or 
= ections. Each of these becomes one of the ordinary crystal classes if R is replaced by the 
entity. 

t should be noted that the occurrence of magnetic structure (ferromagnetic or 
ltiferromagnetic) always involves comparatively weak interactions.+ Hence the crystal 








































f The exchange interaction between the magnetic moments of atoms usually results in the saturation of the 
ulency bonds and the formation of non-magnetic structures. A magnetic structure results only from the relativel 

tak exchange interactions between deep-lying dand f electrons of atoms of elements in the intermediate rere 
the periodic system. 
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structure of a magnetic body is only a slight modification of that in the non-magnetic 
phase, which usually changes into the magnetic phase when the temperature is reduced. In 
this respect ferromagnets, in particular, differ from ordinary pyroelectrics, but are 
analogous to ferroelectrics. 

If the magnetic crystal class of a body is specified, its macroscopic magnetic properties 
are qualitatively determined. The most important of these is the presence or absence of a 
macroscopic magnetic moment, i.e. of spontaneous magnetization in the absence of an 
external field. The magnetic moment M is a vector, behaving as an axial vector (the vector 
product of two polar vectors) under rotation and reflection, and changing sign under the 
operation R. The crystal will possess spontaneous magnetization if it has one or more 
directions such that a vector M in that direction and having the above-mentioned 
properties is invariant under all transformations belonging to the magnetic crystal class 
concerned. 

We must again emphasize the difference between these (macroscopic) properties and the 
corresponding ones in electrostatics. The latter are qualitatively determined by the 
ordinary crystal class. In particular, a body is pyroelectric if its crystal class admits the 
existence of a polar vector P (the polarization). It would, however, be entirely wrong to 
base conclusions about the existence or otherwise of a macroscopic magnetic moment on 
the behaviour of the axial vector M with respect to the transformations of the purely 
structural crystal class of the body concerned, which corresponds to the symmetry of the 
function p(x, y, z); we shall return to this problem in §38, after actually constructing the 
magnetic classes. 

Instead of the symmetry of the function j(x, y, z), we can use that of the microscopic 
magnetic moment density distribution M(x, y, z) = r *j(x, y, z). This in turn may be 
regarded as the symmetry of the configuration and orientation of the (time) averaged 
values of the magnetic moments yp of the atoms or ions in the lattice. In a body without 
magnetic symmetry these averaged values are zero. In a ferromagnet the sum of the atomic 
moments in each unit cell is non-zero, but in an antiferromagnet it is zero. 

A set of atoms in the lattice having equal values of pis called a magnetic sub-lattice. An | 
antiferromagnet will evidently contain at least two sub-lattices with equal and opposite 
values of u. If the directions of the moments pare parallel or antiparallel for all sub-lattices 
such a body is said to be collinear; in the contrary case, it is a non-collinear antiferromagnet 

A ferromagnet also may contain more than one sub-lattice. In the narrow sense, the term 
“ferromagnetic” applies to bodies in which all the mean atomic magnetic moments are 
parallel. A crystal is said to be ferrimagnetic if it contains two or more sub-lattices with 
atomic moments that differ in direction or magnitude. In contrast to the antiferromagnet i 
case, in these substances the vector sum M of the magnetic moments of the sub-lattices ‘i 
not zero. A ferromagnet may be collinear, or not, according as the magnetic moments of aly 
its sub-lattices are parallel or antiparallel, or not. 





— taeil 
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§38. Magnetic classes and space groups 


We shall now show how the magnetic symmetry groups are constructed, beginning with | 
the magnetic classes. | 
As already mentioned in §37, the magnetic classes fall into three types. Type I includ | 
the 32 ordinary crystal classes, which do not involve the element R. Type II includes tH 
same 32 classes augmented by R. Each such class contains all the elements of the ordinatY 
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class (of the point group G) and also all these elements multiplied by R; if the magnetic class 
is denoted by M, then we can write 


M=G+RG. (38.1) 


The transformation R commutes, of course, with all spatial rotations and reflections; hence 
RG = GR, where G is any element of G. 

These two types of class are, in a sense, trivial. The non-trivial type III includes the 58 
magnetic classes, in which R enters only in combination with rotations or reflections. Each 
of these becomes one of the ordinary crystal classes of Gif R is replaced by the identity. The 
construction of all magnetic classes of this type is carried out as follows. 

Let H denote the set of elements of the group G which are not multiplied by R when the 
magnetic class M is formed. Such a set includes, by definition, the unit element E, since 
otherwise M would contain the element R itself, i.e., would belong to type II. The products 
of any two of the elements in this set are also members of the set. Thus H is a sub-group of 
G. All other elements of G appear in M multiplied by R; since R? = E, all products of pairs 
of these elements belong to H. It follows that H is a sub-group of G (and therefore of M) 
with index 2.f The structure of a type III magnetic class M may therefore be written as 


M =H+RG,H, (38.2) 


where G, is any element of G that is not an element of H. It is evident that the groups M and 
G= H+G,H are isomorphous. 

The problem of constructing all the magnetic classes thus amounts to finding the sub- 
groups with index 2 in all the crystal classes. This is easily done by means of the character 
lables for the irreducible representations of the point groups. Every one-dimensional 
(other than the unit) representation of the group contains an equal number of characters 
+ land — 1; the elements with characters + 1 form a sub-group with index 2. On changing 
to the magnetic class, these elements remain the same, while all others are multiplied by R. 

The procedure may be illustrated with reference to the point group Ca. The character 
lable for its irreducible representations is (see QM, §95) 


E C 204 26 
1 1 1 1 l 
1 1 M EE, 
1 1 -1 1 -1 
1 1 -1 —i 1 
2 -2 0 0 0 


$ € one-dimensional (other than the unit) representations are A,, B,, B,. In the 
EPresentation A,, the elements with characters +1 form the sub-group C,. The 
Sorresponding magnetic class, denoted by C,,(C,), consists of the elements E, C,, 2C,, 
“*<o,, 2Ro’,. In the representations B, and B,, the elements with characters + 1 form the 
Sub-groups C,,, which differ only in the position of the planes c, relative to fixed 
Coordinates. These sub-groups are crystallographically indistinguishable, and correspond 
P the same magnetic class C4, (C3,), whose elements are E, C,, 2RC4, 2G, 2Ro' 


N = 


N 
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_ + This means that H contains half as many elements as G. The 
Which is fairly obvious: a sub-group H of G has index 2 if and onl 
lOt belong to H is an element of H. 


statement is a consequence of a general theorem 
y if the product of any two elements of G that do 
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TABLE 1 Magnetic classes 





C; (C,) C;,(C3) 

C(C1) D;(C;) 

C2(C;) D3q(D3, So, Cav) 
Cr li, C3, C,) Czn (C3) 

Cr, (C,, C,) Ce (C3) 

D-(C2) D31 (Can, C3.) Ds) 
D2, (D2, Can» C2.) Con (Ce. Se, Can) 
C4 (C2) Cula; Cry) 
S4(C2) De (C6> Ds) 
D,4(S4, D2, Cx) Den (De, Cons Cov: Daas Dan) 
D,(C,, D2) I, (7) 

Cis (C4, C2») O(T) 

Can(Ca, Con, Sa) Ta(T) 

Dan(D4, Cans Dir» Cav, Dra) 0,(0, Ty, Ta) 
S6(C3) 








On going through all the 32 crystal classes in this way, we obtain the 58 magnetic classes 
of type III, as listed in Table 1. Each class G (H) is defined by an original point group G and | 
a sub-group H thereof which is one of those listed in parentheses after the symbol for the 
particular group G. The crystal classes C,, C3 and T have no sub-groups with index 2, and so | 
they give rise to no magnetic classes. The rotation C3, moreover, never appears multiplied 
by R ina (non-trivial) magnetic class: the rotation C, R thrice repeated would give R, which 
is not a member of such classes. 

It has been mentioned in §37 that the crystal class concerned does not determine whether | 
or not ferromagnetism can exist. To illustrate this, let us consider a tetragonal lattice of 
identical atoms, with magnetic moments parallel to the tetragonal axis.f Its magnetic | 
crystal class is D,,,(D,), containing the transformations§ E, C3, 2C4, 2U2R, 2U’,R, I, 0p 
2S4, 20,R, 20' „R. All these transformations leave invariant the axial vector M, which 3s 
parallel to the fourfold axis. The crystal class D4, itself, however, would not allow the 
existence of an axial vector: all the components M,, M,, M, would change sign in 4 
rotation about some twofold axis, for example. 

Let us now turn to the magnetic space groups. These are in the same relation to the 
ordinary crystal space groups as the magnetic classes are to the crystal classes, reducing t0 
these if R is replaced by the identity. The total number of magnetic space groups Is 1651: 
like the magnetic classes, they fall into three types. 

Type I contains 230 groups which coincide with the crystal groups and do not involve È 
type II has the same 230 groups augmented by R. 

The non-trivial type II contains 1191 groups in which R enters only in combination wit! 
rotations, reflections or translations. It has the structure (38.2), where H is any sub-group 






















+ In abstract symmetry theory, magnetic symmetry is called antisymmetry. This concept was independent) | 
proposed by H. Heesch (1929) and A. V. Shubnikov (1945). The antisymmetry classes were found by Shubnik®’ | 
(1951) as the symmetry groups of geometric figures (polyhedra) with faces of two colours; the element R the 
corresponds to changing the colour of each face. T hese classes were derived as magnetic symmetry groups by B® 
Tavger and V. M. Zaitsev (1956). The method of derivation given here is due to V. L. Indenbom (1959). . 

t Such, for instance, is the lattice of iron in its ferromagnetic phase. Crystallographically, it is a cubic latti 
slightly distorted along one of the fourfold symmetry axes. The distortion is the result of magnetostriction arisif 
simply from the presence of the magnetic structure. } M 

§ The notation for the symmetry elements is everywhere as in QM, §§93 and 94. In particular, U, and U',4 
rotations through 180° about horizontal axes perpendicular to the f ourfold axis, c, 1s a reflection in the horizont? 
plane, c, and o’, are reflections in vertical planes passing through the axes C, and U2, U'2. The symbols U, R, 9” 
etc. denote symmetry planes and axes which appear in this class in combination with R. 
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with index 2 of the crystal space group G, and G, isan element of G that is not an element of 
H. the sub-group H must evidently coincide with the original space group G as regards 
either translational symmetry or class, having respectively either half as many “rotational” 
elements (rotations and reflections) as G, or half as many translations. Accordingly, type III 
may be subdivided into two sub-types. 

Sub-type Ia contains the magnetic space groups for which G, in (38.2) is a “rotational” 
transformation of the crystal group G = H+ G, H which does not belong to H. The 
jranslational symmetry (Bravais lattice) of a space group M of this type is the same as that 
of G; that is, the unit cell of the magnetic structure is the same as the purely crystallographic 
ne. These magnetic space groups, 674 in number, belong to magnetic classes of type III. 
Sub-type IIIb contains the magnetic space groups for which G, in (38.2) may be taken to 
be a pure translation through one of the basic periods of G. The unit cell of the magnetic 
structure has a volume twice that of the crystallographic unit cell. The set of pure 
translations and translations multiplied by R forms the magnetic Bravais lattice: there are 
22 different lattices of this kind. The magnetic space groups of sub-type IIIb, 517 in 
number, belong to magnetic classes of type IL} 


i 


























PROBLEM 


Ast the magnetic classes that allow ferromagnetism. 


SOLUTION. The classes of type II do not allow ferromagnetism. It must be emphasized that the same is 
therefore true of every space group of type II or IIIb that contains translations multiplied by R; these 
Wansformations certainly change the sign of M. In other words, for ferromagnetism to occur, it is always 
essary that the magnetic unit cell should coincide with the crystallographic one. 
M the classes of type I (which are the same as the ordinary crystal classes), the following allow the existence of 
lal vector M: C, and C; with M in any direction; C, with M in the plane of symmetry; C3, Cap, Cx. Sa. Cay, 
Cs, S6, Cans, Cen with M parallel to the axis of symmetry. 
‘or ferromagnetism to exist in classes of type III, they must never contain the element JR, which changes the 
1 Of the vector M whatever the direction of the latter. Of such classes, the following allow ferromagnetism: 
AC, ), C3, (C;) with M perpendicular to the C, R axis; C,(C,) with M in the oR plane; C,,,(C,) with M in the 
R plane and perpendicular to the C, R axis; D, (C3), C3, (C3), Dz, (C2) with M parallel to the C, axis; D4 (C4), 
(C4), Dra(S4), Dar (Car), D3103), C3y(C3), D3alS6), Dar(C3r), Do (Ce), Coo(C6), Donl(Cer) with M parallel to 
E C, or C, axis. 


9. Ferromagnets near the Curie point 


There is a close analogy between the magnetic properties of ferromagnets and the electric 


perties of ferroelectrics. Both exhibit spontaneous polarization, magnetic or electric, in 
cTOscopic volumes. In each case, this polarization vanishes at a temperature correspond- 
Bto a second-order phase transition (the transition point between the ferromagnetic and 
famagnetic phases is called the Curie point). 

*here are also, however, important differences between ferromagnetic and ferroelectric 
€nlomena, arising from the difference in the microscopic interaction forces which bring 


| The magnetic space groups were constructed (as antisymmetry groups) by A. M. Zamorzaev (1953}and by N. 
belov, N, N. Neronova, and T. S. Smirnova (1955); the latter authors’ ee A V. Shubnikov and 
“Belov, Colored Symmetry, Pergamon Press, Oxford, 1964. The most complete tables of the magnetic space 
Ups and their properties are those given by V. A. Koptsik, Shubnikov Groups (Shubnikovskie gruppy), Moscow 
te University Press, 1966. 

' This refers (see the last footnote but two) to the symmetry of a lattice already distorted by the very existence 
the magnetic structure. 
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about the spontaneous polarization. In ferroelectrics, the interaction between the 
molecules in the crystal lattice is essentially anisotropic, and consequently the spontaneous 
polarization vector is fairly closely related to certain directions in the crystal. The 
formation of a magnetic (including ferromagnetic) structure, on the other hand, is dug 
mainly to the exchange interaction of the atoms, which is quite independent of the 
direction of the total magnetic moment relative to the lattice.t It is true that, together with 
the exchange interaction, there is also a direct magnetic interaction between the magnetic 
moments of the atoms. This interaction, however, is an effect of order v7/c* (v being the 
atomic velocities), since the magnetic moments themselves contain a factor v/c. The effects 
of this order include also the interaction of the magnetic moments of the atoms with the 
electric field of the crystal lattice. All these interactions, which may be called relativistic by 
virtue of the factor 1/c? in them, are weak in comparison with the exchange interaction, so 
that they can result only in a comparatively slight dependence of the energy of the crystal 
on the direction of magnetization. This relationship between the exchange and relativistic | 
interactions will be assumed throughout the rest of the chapter. 

Consequently, the magnetization of a ferromagnet is a quantity which, in the first 
approximation (i.e. on the basis of the exchange interaction), is conserved. This fact endows 
with greater physical significance the thermodynamic theory, in which the magnetization 
M is regarded as an independent variable, the actual value of which (as a function of 
temperature, field, etc.) is afterwards determined by the appropriate conditions of thermal] 
equilibrium. § 

We denote by ®(M, H) the thermodynamic potential per unit volume of the substance, 
regarded as a function of the independent variable M (and of the other thermodynamic 
variables). We shall, for the present, neglect the relativistic interactions, i.e. we shall take 
into account only the exchange interaction. Then ®(M, 0) may be a function of the 
magnitude of M, but not of its direction. 

In order to find the thermodynamic quantities when the field H is not zero, we proceed 
exactly asin the derivation of (19.3), starting from the relation 6@/CH = — B/4z. This give 


(M. H) = ®(M, 0) -M-H — H? /8r. (39.1) 



























Hence the potential ® is . 
©(M, B) = 6+ H-B/4x 
= (M, 0) + H2/8x 
= (M, 0) + (B—4xM)?/8z. (39.2) 

+ The exchange interaction is a quantum effect resulting from the symmetry of the wave functions of t 
system with respect to interchanges of the particles. The interchange symmetry of the wave functions. 4” 
therefore the exchange interaction, depend only on the total spin of the system, and not on the direction 0° "| 
spin; see QM, §60. The importance of the exchange interaction in ferromagnets was first pointed out by ** 
Frenkel’, Ya. G. Dorfman and W. Heisenberg (1928). tio 

t The order of magnitude of the ratio of the relativistic and exchange interactions is given by the “a 
Uaniso /NT,.. where U aniso is the magnetic anisotropy energy (see §40), N the number of atoms per unit volum@ d 
T. the temperature of the Curie point. For ferromagnets this ratio is usually between 1072 and 107°. In $° i 
ferromagnets (rare-earth metals and their compounds), however, it may be much greater and even reach va 
the order of unity, both because of the “anomalously” large anisotropy energy and because of the rela 
weakness of the exchange interactions. There are, of course, only limited possibilities of applying the macroscOF | 
theory to such substances. A detailed discussion of the microscopic mechanisms of the various interactions © 
specific magnetic materials is outside the scope of this book. 

§ The collinear ferrimagnets are indistinguishable from ferromagnets in the narrow sense (see the end of 
as regards macroscopic magnetic symmetry and as regards their behaviour 1n fairly weak magnetic fields. 
theory given below relates to both these types of material. 


g3 
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When the magnetic anisotropy of the ferromagnet is neglected, the directions of the vectors 
Mand H are, of course, the same, and so the vectors in formulae (39.1) and (39.2) are 
placed by their magnitudes. 

Near the Curie point, the magnetization M is small. We shall consider the properties of a 
ferromagnet in this range in the general Landau theory of second-order phase transitions.t 
| accordance with this theory, we expand ®(M, 0) as a series in powers of the vector M, 
which acts as an order parameter. The expansion of an isotropic function in powers of a 

tor quantity can contain only even powers: 


© = 0, + AM? + BM* — MH — H2/8n, (39.3) 
ere Do, A and B are functions only of temperature and pressure.t 
[he Curie point T = 7. (P)is given by the vanishing of the coefficient A: A > 0 for7 >T, 


and A <O for T <T.. (This relation of the phases occurs in all known ferromagnets, 
jough it is not thermodynamically necessary.) Near the Curie point, 


A=a(f—T,) (39.4) 

























ere ais a positive quantity independent of temperature. The expressions (39.3) and (39.4) 
et from (19.3) only in that M and H replace P, and E,. The conclusions which follow 
m these expressions will therefore be stated without repeating the arguments given in 





[he spontaneous magnetization in the ferromagnetic phase varies with temperature 
ording to 


| 
ts 


M = \/ [a(T,—T)/2B]. (39.5) 
Ove the Curie point there is no spontaneous magnetization, and the magnetic 
ceptibility is = . 

x = 1/2a(T —T,), | (39.6) 


there is paramagnetism with susceptibility inversely proportional to T—T, (the 
te Weiss law). Below the Curie point, 


x = (OM/0H)y 0 = 1/4a(T, —T). (39.7) 


b Ould be pointed out, however, that this quantity is here not the susceptibility in the 
inary sense of the word (i.e. the coefficient of proportionality between M and H), since 
£ 0 even when H = 0. 

‘he Susceptibility (39.7) can actually attain values of the order of unity only in the 
Mediate neighbourhood of the Curie point. Except in this region, we may suppose that 
Magnetization M changes only very slightly with the magnetic field and may be 
; rded as a constant for any given temperature. In the following sections we shall assume 
i to be true. 

this constitutes a further difference between ferromagnets and ferroelectrics: for the 
er, P/E is in general not small even far from the Curie point. The reason again lies in 
Smallness of the magnetic moments of the atoms in comparison with the electric dipole 
ments of the molecules. 

t has been mentioned in §19 that the application of an electric field blurs the discrete 


The properties of a ferromagnet in the fluctuation range near the Curie point will be discussed in §47 
Fhe fact that the expansion contains only even powers of the components of M has also another more 
found origin which does not depend on the exchange approximation: M is an odd function u 


f : : nder time 
Tsal, whereas the thermodynamic potential must of course be invariant under time reversal. 


| 
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second-order phase transition point in ferroelectrics. The same is true, of course, for a} 
ferromagnet in a magnetic field. Since M and H have the same direction in the exchange | 
approximation, the blurring of the transition occurs in that approximation whatever the| 
crystallographic direction of H. | 

| 
§40. The magnetic anisotropy energy 


As already mentioned, the anisotropy of the magnetic properties of ferromagnets jg. 
due to the relativistic interactions between their atoms. and these interactions are 
comparatively weak. In the macroscopic theory, the anisotropy is described by the addition” 
to the thermodynamic potential of the magnetic anisotropy energy, which depends on the 
direction of magnetization. 

The calculation of the anisotropy energy from the microscopic theory would require the i 
use of quantum perturbation theory, the energy of the perturbation being represented by { 
the terms in the Hamiltonian of the crystal which pertain to the relativistic interactions. 
The general form of the desired expressions, however, can be deduced without such 
calculations, from simple arguments concerning symmetry. 

The Hamiltonian of the relativistic interactions contains terms of the first and second] 
powers in the electron spin vector operators; these are respectively the spin-orbit and 
spin-spin interactions. Both kinds are small in proportion to v?/c’, where v is of the order 
of magnitude of the velocities of atomic electrons, and c is the velocity of light. The 
perturbation-theory series for the anisotropy energy is an expansion in powers of this small 
quantity, but, because of the above-mentioned dependence of the perturbation operator 
on the spin operators, the anisotropy energy is automatically obtained asa series of powers) 
of the direction cosines of the magnetization vector, i.e. the components of a unit vector m 
in the direction of M. The anisotropy energy U aniso» like the potential © itself (cf. the last 
footnote), is invariant under time reversal, whereas the magnetization M changes sigh 
Hence it follows that the anisotropy energy must be an even function of the components of 
m. 

For uniaxial and biaxial crystals, the expansion of the anisotropy energy begins with 
squares of these components, and may be written 


U aniso = Ki, (40.1) 










where K,, is a symmetrical tensor of rank two, whose components, like U aniso itself. havé 
the dimensions of energy density. In uniaxial and biaxial crystals, such a tensor has 
respectively two and three independent components. In the present case, however, it must 
also be borne in mind that one quadratic combination. namely m,? +m,* + m,? = 1,» 
independent of the direction of m and so cannot appear in the anisotropy energy. Hent’ 
the expression (40.1) for uniaxial and biaxial crystals contains only one and t 
independent coefficients respectively. 
For example, in uniaxial crystals the anisotropy energy can be written 


Lo) 


0. 
U io (4 


= K(m,2 +m,”) = K sin? 0 


or, equivalently, 
U sniso = — Km,’ = -K cos’ 0, 





+ These two expressions differ by the quantity K, which is independent of direction. The change from ont: 
the other implies that this quantity is included in the isotropic part of p; ın particular, it alters the coefficient 4 
the expansion (39.3). 
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where 0 is the angle between m and the z-axis, taken to be along the principal axis of 
symmetry of the crystal. If K (a function of temperature) is positive, the anisotropy energy 
ig least for magnetization in the z-direction; this will then be the direction of easy 
nag netization. Such a ferromagnet is said to be of the “easy-axis” type. If K is negative, the 
direction of easy magnetization lies in the xy-plane (the basal plane of the crystal); such a 
ferromagnet is said to be of the “easy-plane” type.t The expression (40.2) is isotropic in the 
g plane. This isotropy, however, does not occur in the higher-order terms in the 
expansion of U riso» and these determine (when K < 0) the direction of easy magnetization 
a he xy-plane. The form of such terms depends on the particular crystal system to which 
tt crystal belongs. 

‘For tetragonal crystals, the fourth-order terms include two independent invariants, 



























F 


m- +m, )? and m,’m,? (the x and y axes being taken along the two twofold axes in the 
basal plane). The second of these leads to anisotropy in the basal plane. 

n a hexagonal crystal, the anisotropy energy contains only one fourth-order term, 
proportional to (m,* + m,”)*; in this approximation, 


Usniso = K, sin? 0 + K, sint 0, (40.3) 


the coefficient K in (40.2) being here denoted by K,. The anisotropy in the basal plane, 
wever, occurs Only in the sixth-order terms; the anisotropic invariant of this order is 


3 [(m, +im,)° + (m,—im,)® ] = sin* 6 cos 6¢, (40.4) 


x-axis being taken along one of the twofold axes in the basal plane, from which the 
nuthal angle @ is measured. 


astly, rhombohedral symmetry allows two fourth-order terms, with the invariants 
(m? +m?’ = sin* 6, (40.5) 
7m, [ (m, + im,)? + (m, —im,)? ] = cos 6 sin? 6 cos 3¢, (40.6) 


y-axis being along one of the twofold axes, and h being measured from the x-axis. The 
sence of the factor m, in the second invariant means that the direction of easy 
letization is at a small angle to the basal plane; since m, is small, the determination of 
angle would require the simultaneous inclusion of both fourth-order and sixth-order 
IS, one of the latter being the term with the invariant (40.4). 

et us now consider ferromagnetic crystals of the cubic system. Their properties differ 
siderably from those of uniaxial (and biaxial) crystals. This is because the only 
cratic combination which is invariant under the cubic symmetry transformations and 
3 can be formed from the components of the vector m is m? = 1. The first non- 
5 hing term in the expansion of the anisotropy energy for a cubic crystal is therefore 
Be fourth, not the second, order. For this reason, the magnetic anisotropy effects in 
€ Crystals are in general weaker than in uniaxial and biaxial crystals. 

A bic symmetry allows only one independent fourth-order invariant which depends on 
rection of m. The anisotropy energy of a cubic ferromagnet can therefore be 
ressed as 

C a =K (m,’m,? Gi m? m,? = Te m,” ) (40.7) 
An example of a uniaxial ferromagnet is hexagonal cobalt, in which K changes sign, being positive below 


C °K and negative above this temperature. The value extrapolated to 0°K is x 0.8 x 10’ erg/cm?. The value 
fis ~ 2x 10!° erg/cm?. 
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or 

ere = ae 7K (m,* T m,* N m,*); 
these two expressions are evidently equivalent, since their difference is }K, which i, | 
independent of direction. 

If K > 0, as for example in iron, the anisotropy energy has equal minimum values for | 
three positions of the vector m, namely parallel to the edges of the cube (the x, y, z axes, 
with crystallographic directions [100], [010], [001 ]). In this case, therefore, the crystal has 
three equivalent axes of easy magnetization. 

If, on the other hand, K < 0, as for example in nickel, then the anisotropy energy is least | 
when m,? = m? = m}? = 4, ie. when m is parallel to any of the four spatial diagonals of 
the cube, with crystallographic directions [111], [111], etc. These are then the directions of 
easy magnetization.t 

The next approximation after (40.7) for the anisotropy energy of a cubic crystal 
corresponds to the sixth-order terms. Omitting from these the direction-independent 
invariant (m2)° and an expression which differs from (40.7) only by the factor m7’, we are 
left with just one invariant, which may be taken as m, m, m, . Then 


Usniso = K; (n?m, +m, m? +m,?m,’)+ Kam, m'm. (40.8) 











It should be noted that, strictly speaking, a ferromagnetic cubic crystal. when 
spontaneously magnetized along one of the directions of easy magnetization, ceases to 
possess cubic symmetry, and so there is a displacement of the atoms, i.e. a distortion of the 
crystal lattice. Such a crystal, when magnetized parallel to an edge of the cube, becomes 
slightly tetragonal, while one magnetized parallel to a spatial diagonal becomes 
rhombohedral. In this respect cubic crystals differ from uniaxial crystals with the direction 
of easy magnetization along the principal axis of symmetry, where a magnetization in this 
direction evidently does not change the symmetry of the crystal. 

We must again emphasize that the above expansion of the anisotropy energy of ê 
ferromagnet in powers of the components of the unit vector m is not one in powers of the 
magnetization M itself (which is not small far from the Curie point); the series converge 
only because the relativistic interactions are weak. Near the Curie point, however, where M 
is small. it does become an expansion in powers of M. In the Landau theory, this woul 
imply that the ratio K/M? ina uniaxial crystal, with K from (40.2), must tend to anon-zele 
limit as T > T.. To illustrate this statement, let us consider, for example, the transition fro™ 
a paramagnetic phase to a ferromagnetic phase of the easy-axis type. According to (393 
and (40.2), the quadratic terms in the expansion of the thermodynamic potential in powe 
of the components of M are AM,?+(A+K/M*) (M, +M). The transition point » 
given by the vanishing of the coefficient of M 2: the coefficient of M,* + M y does no! 
become zero. 

Similarly, in a cubic ferromagnet the ratio K /M*+, with K from (40.7), must tend toa no™ 
zero limit. 

In the fluctuation range, however, this behaviour of the anisotropy coefficients does ne 
in general occur. 



















+ As an example, it may be noted that in iron and nickel the value of 3K (the difference in U niso 10! th 
directions of easiest and most difficult magnetization), extrapolated to 0°K, is about 2 x 10° erg/cm?. 


Al The magnetization curve of ferromagnets 141 
Ai. The magnetization curve of ferromagnets 


Let us examine the relation between the magnetization of a uniaxial ferromagnet and the 
agnetic field in it, taking the particular case of an easy-axis material. The anisotropy 
ergy may here be conveniently written in the form 


Usniso = BM? sin? 0, (41.1) 


a 
th the dimensionless coefficient B > 0 (and K = 4£M7).+ 
{t should be recalled that we suppose the magnitude of M to be independent of H, so that 
ly rotations of M are considered.t It is evident from symmetry that the vector M liesina 
ane through the z-axis and the direction of H (if terms of higher order, anisotropic in the 
xy-plane, are neglected in the anisotropy energy). We take this as the xz-plane. The 
rmodynamic potential, including the anisotropy energy, is§ 








Ô = ®,(M)+18M,? —M-H— H?/8x 
= 0)(M)+38M? sin? 6— M(H, sin 0 + H, cos 6) — H?/8z. (41.2) 
e dependence of M on H is given by the equilibrium condition 6@/€0 = 0, whence 
BM sin 6 cos @ = H,.cos@—H, sin 6. (41.3) 
is is an algebraic equation of the fourth degree for č = sin 0: 
(BME—H,)? (1—&) = H22, 


which the coefficients of odd powers of & are not zero. This equation has either two or 
F real roots (all less than unity). Since all such roots correspond to extrema of ©(6), it is 
ar that, in the first case, this function has one minimum and one maximum and, in the 
ond case, two minima and two maxima. In other words, the number of possible 
ections of the magnetization M for a given field H is one and two respectively. In the 
ond case, one direction (corresponding to the lower minimum of ©) is thermodynami- 
y completely stable, while the other (corresponding to the higher minimum) is 
rmodynamically metastable. 

sither of the two cases can occur, depending on the values of H, and H,. When these two 
ameters vary continuously, one case passes into the other at the point where one 
ximum and one minimum coalesce. The curve of (6) then has a point of inflection 


a of an extremum, i.e. both 6@/26 and €2@/06? are zero. Writing equation (41.3) in 
> torm 




















Tia BM 


sin@ cosð — 





The analysis given below is based on the expression (41. 1) for the anisotropy energy. It should be mentioned, 
“ver, that the expansion of which (41.1) is the first term is usually not rapidly convergent in practice. For a 
actory quantitative description of the phenomena, it is therefore necessary to include also the term of the 
t (fourth) order. 

“n addition to the rotation of M considered here, another process can occur in ferrites in very strong fields, 
Te the antiparallel magnetic moments rotate towards each other and become parallel. This is found, however 
y i “exchange” fields H ~ 7,/; for instance, in the ferrite FeO.Fe,0, (T. ~ 580°K, p ~ up), these fields are 
- 10° Oe. 

By including U niso in the thermodynamic potential ®, we imply that the anisotropy constants are defined for 
N elastic stresses. 
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and differentiating with respect to 6, we have H,/ sin? 0 = —H,/cos* 0. Eliminating 0 from | 


these two equations gives | 
H2" +H A = (BMY. (41.4) | 
| 
f 


In the H „H -plane equation (41.4) represents a closed astroid curve of the kind shown in | 
Fig. 21. It divides the plane into two parts, in one of which metastable states can exist, while 
in the other they cannot. It is evident without further investigation that the region where 
metastable states do not exist is that outside the curve, because for H > © only one 
direction of M can be stable, namely that of the field H. 


















Hz 


AM 


Fic. 21 


The existence of metastable states means that what is called hysteresis can occur, this is 
an irreversible change of magnetization on passing through these states when the external 
magnetic field is varied. The curve shown in Fig. 21 is therefore the absolute limit of 
hysteresis; this phenomenon cannot occur for fields outside the curve. 

States in which the field H is perpendicular to the direction of easy magnetization 
(H, = H, H, = 0) require special consideration. The thermodynamic potential is 


z H? ; 
© = o a +14£M? sin? 0 — HM sin. (41.3 


If H > BM, & has only one minimum, at 6 = 77, i.e. the magnetization is parallel to the 
field. If. however, H < BM, then ® has a minimum when 


M, = M sin0 = H/P, 
to which there correspond two possible positions of the vector M (at angles 0 and 7 — Oh 


symmetrical about the x-axis. Thus in this case there are two equilibrium states, which na 
the same value of ® and are therefore equally stable. a 
This result is very important, since it means that two phases can exist in contact in whi 
the field H is the same but the magnetization M (and therefore the induction B) is differe 
Thus a new possibility appears for reducing the total thermodynamic potential of the bo% 
its volume may be divided into separate regions, in each of which the magnetization 


: ; ae ' ys 
one of its two possible directions. These regions are called regions of spontane? 





concerns only thermodynamic equilibrium states in ferromag” 
In particular, we entirely ignore the mechanism of hyst€ 
he crystal, internal stresses, 4 polycrystalline state, and so ©™ 

p a 


+ The whole of the discussion in this chapter 
and therefore reversible processes in them. 
phenomena; these may arise from defects in t 
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gagnetization or domains. The actual determination of the thermodynamic equilibrium 
ructure of a ferromagnet requires a consideration of the Shape and size of the body as a 
hole. We shall return to this problem in §44. 
Let us consider a portion of the body which is small compared with the total volume but 
rge compared with the domains. The field H, can be regarded as constant in this portion; 
e denote by M and B the values of M and B averaged over its volume. As well as H,,, the 
ansverse component M, = H,/f of the magnetization is constant. The longitudinal 
mponent M,, however, has opposite signs in different domains, so that its mean value 
rtainly cannot exceed |M,|. Since H, = 0 everywhere, the mean induction is therefore 


B, = H,(1 +), B< in |( -47). (41.7) 


hese formulae give the range of values of the mean induction corresponding to the 
ymain structure of a uniaxial ferromagnet. 

The relation between M and H for a cubic crystal can in principle be investigated in the 
ne way as was done above for a uniaxial crystal. However, we shall not pause to discuss 


s, because the equations are more complex, and explicit analytical formulae cannot be 
tained. 





















PROBLEMS 


ROBLEM 1. A uniaxial ferromagnetic crystal is in the shape of a spheroid, the axis of easy magnetization 


ig the axis of revolution, and is placed in an external magnetic field $. Determine the range of values of $ for 
th the body has a domain structure. 


LUTION. According to the general properties of an ellipsoid in a uniform external field (§8), the induction B 
held H (= H) averaged over the domain structure are related to H by 


nB,+(1—m)H,=§,, 4(1—n)B,+4(1+n)H, = §,, 


en is the demagnetizing factor in the direction of the axis of revolution (taken as the z-axis). Putting H, = 0 
using formulae (41.7). we obtain 


— $ 5,- Í: rT) 
EEEn T úi n <an |(m FJ 


ination of H, gives the required inequality 

$ 2 Ñ 2 
a a M? 
(4nn)? [B+ 2n(1—n) 2 ~ 


l€ range in which there is a domain structure. 


OBLEM 2. Determine the magnetization averaged over the crystallites (which have uniaxial symmetry) for 
Stalline body in a strong magnetic field (H > 47M). 


-UTION. Ina particular crystallite, let © and w be the angles between 
“SPectively, M and H. It is evident that, in a strong field, M and H will b 
Y= 0 — wis small. Putting in (41.2)M-H = MH cos (0 — Y)and equ 
"= sin § = — (BM/H)sin 0 cos@. The average magnetization is cl 


the direction of easy magnetization 
e in almost the same direction. i.e. the 
ating to zero the derivative ôĝ®/20, we 
early parallel to H, and is 

2 


eee e acto 
M = M cos 8 = M(1-3987)=M(1~- aH? sn? cos*6 ). 





ar denotes averaging over the crystallites. Assuming that all direction 


ystall; s of the axis of easy magnetizati f 
ystallites are equally probable, we have y magnetization o 


ine 


mean magnetization approaches saturation in the manner M — M ox 1/H?. 
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PROBLEM 3. The same as Problem 2, but for the case where the crystallites have cubic symmetry. 
SOLUTION. The conditions for a minimum of the expression 
—18(M,*+M,*+M,‘)— (H,M, +H,M,+H,M,), 
with K = 48M? in (40.7) and the subsidiary condition M+M; +M} = constant, are 
BM +H, = 4M,, BM, +H, =4M,, pM,°+H,=4M,, 


where 4 is an undetermined Lagrange multiplier. For large H, we therefore have 
M. =-H,+— pH, + .... ete. 


adding the squares of the three equations, we obtain M? = H?/4?, i.e. å = H/M. The angle 8 between M and His 
found from 


M x H)? 
9? = sin? g ere 
p?M® 
H'° 


YH,’ H; (H? E H,? y, 


where the summation is over cyclic permutations of the suffixes x, y, Z. Averaging this expression over the 
orientations of the crystallites is equivalent to averaging over directions of the vector H. The latter averaging is 
effected by integrating over the angles which specify the direction of H, and the result is 


2 o N) 
M = M(1—197)= M| | -— |. 
(0—29) ( 105H? 


$42. Magnetostriction of ferromagnets 


A change in the magnetization of a ferromagnet ina magnetic field causes a deformation 
in it; this phenomenon is called magnetostriction, and may be due to either exchange 
interactions or relativistic interactions in the body. Since the exchange energy depends only 
on the magnitude M of the magnetization, its value can change only when M changes in the 
magnetic field. Although the latter change is, 1n general, very small, the exchange energy 1s 
large compared with the anisotropy energy. Hence the magnetostriction effects from each 
type-of interaction may be of comparable magnitude. 

This happens. for instance, in uniaxial crystals. Marked deformations resulting from a 
change in the direction of M occur in fields H ~ BM; the change in the magnitude M is 
considerable when H ~ 47M. If these two values of H are almost the same, it is in general 
necessary to take account of both effects in discussing the magnetostriction of uniaxial 
ferromagnets. We shall not pause here to derive the formulae, which are fairly complex. 

In cubic crystals the situation is different, because the anisotropy energy is of the fourth 
order and therefore relatively small. A considerable magnetostriction, due to the change in 
the direction of M, occurs even in comparatively weak fields, where the change in the 
magnitude M may be entirely neglected. Let us consider these effects. 

The change in the relativistic interaction energy in the deformed body is described by the 
inclusion in the thermodynamic potential ® of magnetoelastic terms depending on the 
components of the elastic stress tensor o; and the direction of the vector M (N. S. Akuloy, 
1928). The first such terms which do not vanish are linear in C, and quadratic in the 
direction cosines of M because of the symmetry with respect to time reversal. In general, 
therefore, the magnetoelastic energy is given by an expression of the form 


U m-a = — ligimT ik M ns (42.1) 
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ere 4;,,,, IS a dimensionless tensor of rank four, symmetrical with respect to the pairs of 
fixes i, k and I, m (but not with respect to interchange of the two pairs). Near the Curie 
jint, where the expansion in powers of the direction cosines of the vector M is equivalent 
{9 one in powers of its components, the quantities a,,,,,/M2 tend to constants. 
“in calculating the number of independent components of the tensor a,,,,, it must be 
ne in mind that the terms in (42.1) which involve the components of m in the form 
m2 +m,” +m? are independent of the direction of m, and so may be omitted from the 
magnetoelastic energy.t Thus we find that, in a cubic crystal, the magnetoelastic energy 
ains two independent coefficients; we shall write it as 


= 2 2 2 
U m-a = — a, (0,,.m,, ae, a Om: ) 


— 2a, (6,,m, mM, +0,,m,m,+o,,m,m,). (42.2) 





















[he strain tensor is obtained by differentiating ® with respect to the various components 
iu, = —0d/ Cip, where ® includes also the ordinary elastic energy (with reversed sign; 

the first footnote to §17). For a cubic crystal, the latter energy involves three 
ependent elastic coefficients, and can be put in the form 


Ua oF Hy igi T o T oS) a AS (Ox ZE Oyy F Ge)? 
+H3(0,,° +O, + EI (42.3) 


Where pi, H, and u3 are positive. The strain tensor ist 


Uxx = (Hi J H2)0 xx E H2 (Ey T 0,2) ate ay m,”, (42.4) 
Uy = H30,, + aM, M, 


similarly for the other components. 

hese formulae give all the magnetostriction effects in the range of fields considered. In 
icular, if there are no internal stresses the change in the deformation resul ting from a 
ige in the direction of magnetization is given by 

Ux. =A,M,", Uyy = MM, ete. (42.5) 
10uld be recalled that the magnitude of the deformation itself is to some extent 
rary, because the direction of m for which the deformation is supposed zero is 
Warily chosen. 

Ne stress tensor found by solving a specific problem (e.g. for a clamped crystal) is in 
T Of magnitude o ~ aju, where a and p are the orders of magnitude of the coefficients 
and the elastic coefficients respectively. In this sense, the magnetoelastic energy (per 
\ olume, as usual) is of the order of a? /u. The coefficients a are of the first order in the 
IVistic spin-spin interaction, and the magnetoelastic energy is therefore of the second 
r. In a uniaxial crystal, the anisotropy energy is of the first order in the relativistic 
4 tion, and is therefore usually much larger than the magnetoelastic energy. In cubic 
tals, the anisotropy energy is of the second order in this interaction, and is therefore in 


T ere is consequently some arbitrariness in the choice of the a 
‘ved in choosing the direction of m for which (applied mechanical 
lOrmed. 

n differentiating ® the third footnote to §17 should be recalled, 


ikim» which simply reflects the arbitrariness 
forces being absent) we regard the crystal as 
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general comparable with the magnetoelastic energy.t It may therefore be necessary to take 
into account simultaneously both forms of energy (for instance, in considering the 
magnetization curve), which greatly complicates the problem. 

Let us now consider magnetostriction in fields so strong (H > 4nM) that the anisotropy 
energy is unimportant and there is no domain structure, so that the directions of M and H 
may be assumed to coincide. 

Since the anisotropy energy is neglected, the particular symmetry of the crystal is of no 
importance, and the formulae given below are valid for any ferromagnet. 

Let the body be placed in a uniform external magnetic field $%. Its total thermodynamic 
potential go ist go = —M-$ = -MVS, (42.6) 
where .4 = MV is the total magnetic moment of a body uniformly magnetized in the 
direction of the field; we omit the term go, which is unrelated to the magnetic field. The 
strain tensor averaged over the volume of the body is ay, = — (1/ V )ege/Co;,. whence 


HMV 
= -, 42.7 
“=y Oik ma 





Thus the deformation is determined by the dependence of the magnetization on the 
internal stresses. 

For cubic symmetry, any symmetrical tensor of rank two characterizing the properties of 
the crystal reduces to a scalar multiple of ô; This is true, in particular, of the tensor 
€(MV)/éo,,, so that the magnetostriction deformation amounts in this case to a uniform 
compression or extension. 

If we are interested only in the change ôV in the total volume of the body, we can obtain 
it by simply differentiating go with respect to the pressure: 


5V = dgp/aP = — HA(MV)/EP, (42.8) 


where P is to be regarded as a uniform pressure applied to the suface of the body. | 


PROBLEMS 


PROBLEM 1. Find the relative extension of a ferromagnetic cubic crystal as a function of the direction of the | 
magnetization m and the direction of measurement n. 


SOLUTION. The relative extension in the direction of the unit vector n is given in terms of the strain tensor by 
51/1 = u,,n,n,. Substituting u; (in the absence of internal stresses) from (42.5), we have 


51/1 = a, (m?n? +m,?n,? + m,?n,7) + a2(m,m,n,n 


xy 


yt m,mn,n, +M, m,n") 


Only the difference in the values of this quantity for different directions m and n has absolute significance. For 
instance, if m is along the x-axis, the difference in the values of ôl /l along the x and y axes is a}. If mis along one d 
the spatial diagonals, the difference in the values of ôl/I in that direction and along the other three spatial 
diagonals is 4a,/9. 


PROBLEM 2. Determine the change in volume in magnetostriction of a ferromagnetic ellipsoid in an external 
field H ~ 42M parallel to one of its axes. The ferromagnet is assumed to be a cubic crystal.§ 


t In cubic crystals too, however, the magnetoelastic energy may be much smaller than the anisotropy energy 
In iron at room temperature, for example. the ratio is ~ 107°. 

t Here the definition of ge is that given in §12, which is applicable except when the deformation of the bodys 
appreciably inhomogeneous. 

§ Inauniaxial ferromagnet with § ~ 47M the anisotropy energy would have to be taken into account, but this; 
is not necessary in a cubic crystal. 


| 
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SOLUTION. When the anisotropy energy is neglected, the range for which the domain structure exists is given 
by B < 4nxM_when H = 0. The bar denotes averaging over the volume of the body; cf. §41. In an ellipsoid 
nB+(1—n)H = §; putting H = 0, we find that the domain structure exists when § < 4nnM. Since nB = 4nnM 
= H, the mean magnetization is M = §/4mn. Hence the thermodynamic potential is 


$ 
ge = —V | MdH = — §*V/8an. (1) 
o 


If § > 4nnM, the ellipsoid is magnetized entirely in the direction of the field, and M = M. Then 
æ = —-MHV +2nM? Vn. (2) 


The expressions (1) and (2) are the same for § = 4n Mn. 
The required change in volume is obtained by differentiating cp with respect to pressure: 








H OV 
ôV = ——-— f 4 
Ban OP or § < 4nnM, 
(MV) 6(M7V) 
ôV = — +2 o ; 
H ap nn aP for § > 4nnM 


For § > 4nnM we obtain (42.8). 


§43. Surface tension of a domain wall 


As already mentioned in §41, there exists a wide range of states in which a ferromagnet 
must have a domain structure, i.e. must consist of regions with different directions of 
magnetization. This is true, in particular, of a ferromagnet which is not in an external 
magnetic field. 

Thermodynamically, adjacent domains are different phases of a ferromagnet, with 
different directions of their spontaneous magnetization. Let us consider, first of all, the 
properties of the phase boundaries (domain walls) as such, and calculate their surface 
tension (L. D. Landau and E. M. Lifshitz, 1935). 

The phase boundaries are in reality fairly narrow transition layers in which the direction 
of the magnetization varies continuously between its directions in the two adjoining 
domains. The “width” of such a layer and the manner in which M varies within it are given 
by the conditions of thermodynamic equilibrium. The additional energy due to the non- 
uniformity of the magnetization must be taken into account. The largest contribution to 
this non-uniformity energy is given by the exchange interaction. Macroscopically, this 
energy can be expressed in terms of the derivatives of M with respect to the coordinates. 
This can be done in a general form if the gradient of the direction of M is supposed 
relatively small, i.e. if the change in the direction of the magnetic moments occurs over 
distances large compared with the interatomic distances. In the present case, this condition 
is evidently fulfilled, because a considerable difference in the directions of the magnetic 
moments of adjoining atoms would lead to a very large increase in the exchange energy, 
and is therefore thermodynamically unfavourable. 

We denote the non-uniformity energy density by U non-u. There can be no terms of the 
form a, (M) M,/0x, linear in the first derivatives, because of the requirement of symmetry 
under time reversal, which changes the sign of M but leaves the energy unchanged. The 
crystal symmetry might allow the existence of terms containing products of the derivatives 
0M,/Cx, with the components of M itself. We are interested here in the non-uniformity 
exchange energy; the corresponding terms in U non-u must be invariant when the vectors M 


ECH-F 
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are simultaneously rotated by the same amount throughout all space (with no change in 
the coordinates used).t The terms involving such products can then only have the form 


a,(M)M,0M,/0x; = 4a(M)-grad M?. 


Such terms cannot, however, actually represent the non-uniformity energy, even if the 
magnitude as well as the direction of M is assumed to change within the crystal. The reason 
is that not Unona itself but only its integral over the volume of the body has a real 
thermodynamic significance. and such an integration would reduce terms of the above 
form to expressions depending only on the values of the magnetization on the surface of 
the body, not on its variation within the body.ł 

For the same reason, we need not include in U non-u, among the terms of the next order of 
smallness, those linear in the second derivatives of M with respect to the coordinates, since 
on integration over the volume of the body they become expressions quadratic in the first 
derivatives. The quadratic expressions are the principal non-vanishing terms in the 
expansion of the non-uniformity exchange energy. 

The most general form of these terms is 


U non-u = 2 “in (0M,/0x;) (CM, /0x,), (43.1) 


where «,, is a symmetrical tensor. For the ferromagnetic order to be stable, this expression 
must be positive definite, ie. the principal values of the tensor &;, must be positive. In a 
cubic crystal, this tensor reduces to a scalar (X; = «Ô; « > 0), so that § 


U non-u = 30(CM/6x;) - (0M/0x;). (43.2) 


Ina uniaxial crystal, «,, has two independent components, and the non-uniformity energy 
is of the form 


U non = 20%, [(OM/6x)? + (M/Y) ] 4+ 40, (@M/6z)’. (43.3) 


It must be emphasized that, far from the Curie point, the expressions (43.1)—(43.3) are 
to be regarded as the first terms in an expansion in powers of the derivatives of the unit 
vector m = M; M, not of the magnetization M itself. Only near the Curie point do they 
become an expansion in powers of the derivatives of M. Accordingly, in the Landau theory 
the coefficients «,, in these expressions should tend, as T > 7,, to non-zero limits. (See §47 
regarding the role of fluctuations here.) 

As an example, let us consider the boundary between phases in a uniaxial crystal of the 
easy-axis type, assuming that the vector M is parallel (or antiparallel) to the direction of 
easy magnetization (the z-axis). 

The structure of the transition layer is determined by the condition that the total free 
energy of the layer be a minimum.|| Here the exchange energy tends to increase the width of 


non-u 


+ This means that the scalar expression U non-u Must be so constructed that the magnetic and coordinate vector 
suffixes are each interchanged among themselves but not with each other. 

t The symmetry of the crystal may, however, allow the existence of terms having the form a;,, M,0M,/éx, and 
not of an exchange nature. This would alter the nature of the ferromagnetic order in the crystal; see §52. 

§ In order of magnitude (in iron, for example), « ~ 10°‘? cm. 

| When the magnetostriction is neglected, there is no need to distinguish the free energy F from the 
thermodynamic potential ge. If, however, we intend to take account of the elastic and magnetoelastic energies 0! 
the non-uniform deformation (as may sometimes be necessary; see Problem 2), the total free energy must be used. 
Here it should be remembered that the equilibrium equations of the medium are found by varying its total free 
energy with respect to the components of the displacement vector u; cf. the derivation for a fluid at the end of §15, 
the equilibrium equation f = 0 being obtained by equating to zero the variation ô F. 
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he layer (i.e. to make the direction of M vary less rapidly). The anisotropy energy has the 
apposite effect, because any deviation of M from the direction of easy magnetization 
jncreases this energy. 

We take the x-axis perpendicular to the plane of the layer; the direction of M depends 
nly on x. The rotation of the vector M across the layer must take place in the yz-plane, i.e. 
M, = everywhere. This is seen as follows. The non-uniformity and anisotropy energies in 
4 niaxial crystal are independent of the plane in which the rotation of the magnetization 
akes place. The presence of a non-zero component M, would necessarily result in a 
magnetic field which was thermodynamically unfavourable, because of the additional 
7 netic energy. For it follows from the equation div B= dB,/dx =O that 
B. = constant throughout the transition layer, and, since M „= 0 and H, = 0 within the 
ains, we find that B, = 0 everywhere. Hence, together with the component M, # 0,a 
H, = —4nM, must occur. Correspondingly, the free energy F contains a termt 
(H,. —H,?/8n = H,?/8n > 0. 

‘Let @ be the angie between M and the z-axis. Then the components of M are M, = 0, 
M,=M sin 0, M, = M cos 0. The sum of the non-uniformity energy (43.3) and the 
anisotropy energy (41.1) is the integral 


























t J 


| [z0 (M; + M,'*)+3BM,? ldx = $M? | (a, 0? + B sin? 0)dx, (43.4) 


ere the prime denotes differentiation with respect to x. The remaining terms in the free 
gy are independent of the structure of the layer, and so can be omitted here. 

9 determine the function 6 (x) which makes this integral a minimum, we write down the 
esponding Euler’s equation a, 6” — f sin 0 cos 6 = 0. Assuming the width of the 
sition layer small compared with that of the domains themselves, we can write the 
idary conditions on this equation as 


O0(+o0)=0, O(—co)=2, O'(+0)=0. (43.5) 
estate that adjoining domains are magnetized in opposite directions. The first integral 
uler’s equation which satisfies these conditions ist 

6’? — (B/a,)sin26 = 0. (43.6) 


“Cond integration gives 


cos 0 = tanh [x./(B/c,)], (43.7) 


y describes the manner of variation of the magnetization in the transition layer. The 
1 Of this layer is ô ~ oh (a, /B). 


o € precisely, we should use here the thermodynamic potential F '; cf. the end of §44. For a given value of 
x> this potential must have a minimum with respect to M, or H,- When B, = 0, however, F and F’ are the 


us €xpression can, of course, be written down directly (without using Euler’s equation) if we notice that the 
“1n (43.4) has the form of the action integral for a one-dimensional motion of a particle in a field whose 
al energy is — £ sin?6@, with @ acting as the coordinate and x as the time. Then (43.6) expresses the 
ation of energy for the particle. 
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With (43.6), the integral (43.4) becomes 


D n 


M? a | O72 dx= M? Jep) | sin o d0 
= 0 


= 2M? Ja P). 


If the boundary between domains is regarded as a geometrical surface, this quantity is the 
surface tension which must be ascribed to the boundary in order to take account of the 
energy needed to create it. The surface tension of a domain wall may be denoted by M?A, 
where A has the dimensions of length. Then 


A = 2,/(a, P). (43.8) 


PROBLEMS 


PROBLEM 1. Determine the surface tension of a domain wall in a cubic ferromagnet with the directions of 
easy magnetization parallel to the cube edges (the x, y, z axes). The domains are magnetized parallel and 
antiparallel to the z-axis, and the domain wall is (a) parallel to the (100) plane, (b) parallel to the (110) plane (E. M. 


Lifshitz, 1944; L. Néel, 1944). 


SOLUTION. (a) The domain wall is parallel to the yz-plane, all quantities in it depend only on the coordinate 
x, and the rotation of the vector M takes place in the yz-plane (as well as the argument in the text of §43 for 
uniaxial crystals, note that a departure of M from the yz-plane in this case would increase the anisotropy energy). 
Neglecting the magnetostriction energy, and using formula (43.2) for the non-uniformity energy and (40.7) for 
the anisotropy energy (with K = fM?) we find as the free energy of the wall 


4M? | (a6’2 + P sin? @cos? @)dx, 


where @ is the angle between M and the z-axis. The first integral of Euler’s equation for the problem of minimizing 
this functional, which satisfies the boundary conditions (43.5), is 06’? — B sin?6 cos?8 = 0, or & = ./(B/a) sin 6 
|cos 6|; by writing |cos 6], we ensure that the angle 8 varies monotonically in the transition layer. This equation 
has no solution that could describe the structure of a domain wall of finite width (which would demand an 
allowance for the magnetostriction energy; see Problem 2), but it is adequate for calculating the surface tension, 


which is not zero even with the above approximations: 


L 
arn 


Aaoo) = JP). 2| sin 8 cos 6 dé = ./ (af). 


(0) 


(b) The domain wall passes through the z-axis at 45° to the x and y axes. The need to avoid the presence ofa 
considerable magnetic field again tends to keep the vector M in the wall plane. The magnetic anisotropy in this 
case. however, moves M slightly out of that plane. Nevertheless, since the anisotropy energy in a cubic crystal is 
assumed small, this deviation will be small and may with sufficient accuracy be neglected. Then M, = M, 


= (M; wi 2)sin 0, M, = Mcos6, where 0 is again the angle between M and the z-axis, and the anisotropy energy is 


1 ; 
U 3PM" sin? 6 (3cos?6 + 1). 


aniso ~ 
We can write down at once the first integral of Euler’s equation for the variational problem: 
g'2 = A sin? 8 (cos? 8 + B), (i) 


where A = 34a, B = 4. and the prime denotes differentiation with respect to the coordinate (č, say) normal to 
the wall plane. Hence, again using the conditions (43.5), we find the equation for the wall structure: 


B 
cot 6, (2) 





1+ 
ime 44801 | = 
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sinh ./(B/a)é = 2 cord. 
The surface tension is 
A=a,/A{./(1+B)+Bsinh~! B~}, (3) 
or, with the above values of A and B, 





























A sioy = 138. (08). 


PROBLEM 2. Find the structure of the domain wall in the (100) plane whose surface tension was calculated in 


SOLUTION. As already mentioned, a non-zero width of this wall occurs only when the magnetostriction 
is taken into account. The structure of the wall is determined by the condition for the free energy ¥ to bea 
um; the free energy density F is to be expressed in terms of u;, (cf. the fourth footnote to §43). The 


a l sponding expressions for the magnetoelastic and elastic energies are analogous to (42.2) and (42.3) with 
different coefficients: 


2 2 
U m-e = 51 (uym, + u,,m,7)+4 2b, u,,m,m., 
2 Š 
U al = ZA (ux $ i + u,,’) T 542 (xx T Uyy + uz)? E À3 (uzy T ae + Jas ); 


here we have put m, = 0. 

Not only the magnetization distribution but also the strain in the transition layer must be a function of x only. 
follows that the y and z components of the displacement vector u must have the form u, = constant x y, 
= constant x z; if the constants here were replaced by functions of x, then u,, and u,, would depend on y or z. 
Isu,,,U,,,and u,, are constants. From the general equations of elastic equilibrium, 00;,/éx, = 0, it follows that 
= 0; at x = +00, where the strain is zero, we must have o, = 0, and therefore Ox = Oxy = Oxz =0 
ywhere. Calculating these components of the stress tensor as the derivatives o, = OF /Ou,, we find that 
=u,, = 0, u,, = constant. Thus all the u, are in fact constant. It is therefore sufficient to calculate their values 
afinity, where all the o,, = 0, m, = 0, m, = +1. The equations 0,, = 0, 0,3: — 0, = 0 give 


uy, z 0, Uyy — Uzz = by /A,. 


itting the constant terms from U m-e and U yq, we find that the further term U,, _ 4 = (b12/A;) sin76 is to be 
U non-u + U aniso: The determination of 6(x) thus amounts to solving equation (1) with A = pia, 
7/1, BM2. The constant B, which represents the ratio of the magnetostriction and anisotropy energies, is 


Putting B = Qin (3), we obtain the value of Aao already found in Problem 1(a). From (2) we find as the 
bution of magnetization in the wall 


sinh ./(B/a)x = ./(A, BM?/2b,”)coté. 
width of this distribution, 


5 ~ \/(«/B) log (A, BM?/b,?), 


nds considerably on the magnetostriction constant.{ 


: EC FEM 3. In acrystal of the same kind as in Problem 2, find the surface tension of a domain wall between 


E magnetized in the [001 ] and [010} (z and y) directions, in two cases: (a) the wall is parallel to the (100) 
(b) the wall is parallel to the (O11) plane (S. V. Vonsovskii, 1944; L. Néel. 1944).§ 


LUTION. In both cases, the magnetoelastic energy may be neglected. 


‘ ere the vector M remains in the wall (yz) plane as it rotates. The only difference from Problem 1(a) lies in 
UNndary conditions: 


8(-c)=0, O(+a0)=4n, O (4 œ) = 0. 
vall Structure is given by the solution 
tan 0 = exp /(B/a)x. 


Or example, in iron at room temperature B ~ 2 x 1073. 

Sb, — 0, this 180-degree wall (as regards the angle of rotation of the vector M in 
“degree walls, separated by a region with 8 = 57 which tends to infinity. 
a cubic crystal (unlike a uniaxial one; see the second footnote to §44), a 90-degree wall is a true phase 


ary, since both domains are stable phases and each is magnetized in one of the easy directions. 


it) decays, as it were, into 
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and the surface tension is 


Ao = 2V OP). 
half the value for a 180-degree wall. 


(b) Together with the crystallographic x, y, z axes, we Use axes x, N, ¢ as shown in Fig. 22; the x-axis is 
perpendicular to the plane of the diagram, and the arrows show the directions of M in domains separated by the 
plane y = 0. In the transition layer, M rotates over half a circular cone with its axis along the y-axis; 
M, = constant = 1 /./2, so that div M = M, = 0, as it should be (the prime denotes differentiation with respect 
to n). Let ¢ denote the angle between the projection of M on the x¢-plane and the (-axis;.¢ varies from 0 to 7. 
Then m, = 1//2, m = (1/,/2) cos ¢, m, = (1/,/2) sin ġ, m, = ż(1—cos ¢), m, = 1(1+cos¢). The non- 
uniformity and anisotropy energies are 

U —1qM7¢'7, U = 18M? (sin? ġ — $ sin’ ¢). 


non-u aniso 





Fic. 22 


| 


The surface tension is 


A io) = 4V (of). 2 | sinb [1 —2sin20 j dé 





= 1.73 x 44 (af). 


PROBLEM 4. Find the surface tension of a domain wall in a uniaxial crystal when the transition between 
domains takes place by a change in the magnitude of M without rotation, its direction being reversed as M passes 
through zero. The dependence of the free energy on M (when H = 0}is taken in the form of the expansion (39.3), 
appropriate near the Curie point (V. A. Zhirnov. 1958). 


SOLUTION. Throughout the transition layer, M, is equal to M, and varies in the x-direction, which is 
perpendicular to the wall plane. The free energy density is, taking into account the non-uniformity energy, 


F = F,—|A|M? + BM* +40, M”. (1) 


The equilibrium value of the magnetization within the domains is here denoted by My: Mọ” = | A|/2B; see (39.5). 
With m = M/M, (m # 1), we can write the free energy of the wall as 


1) A|M,? | [0 — m?} + (a, /|Al)m? Jdx: 


the additive constant in F is chosen so that F is zero within the domains. This integral is to be minimized with the 
boundary conditions m(+ œ) = 1, m(— œ) = — 1, m (+ œ) = 0. The first integral of Euler’s equation for this 
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yariational problem is (a, /|A{)m’? = (1 — m7)”. Hence 
m(x) = tanh \/(|A|/21)x, 


and the calculation of the integral gives for the surface tension Mọ? A the value 
4 
A= 5/1 A) (2) 


This wall structure can in principle occur sufficiently close to the Curie point (if f/|A| tends to infinity as 7 > 7,), 
where a change in the magnitude of M becomes energetically more favourable than a deviation of M from the 
direction of easy magnetization. 


g44. The domain structure of ferromagnets 


Let us now ascertain the actual shape and size of the domains. 

Some conclusions concerning the shape of the surfaces separating the domains may be 
obtained directly from the boundary conditions on the magnetic field. Since the field H is 
the same in adjoining domains, the condition of continuity of the normal induction B, 
reduces to the continuity of M,,. In uniaxial crystals, the sign of M, is different in different 
domains. but M, and M, are the same. Under these conditions the continuity of M,, means 
that the surface of separation must be parallel to the z-axis, i.e. to the direction of easy 
magnetization. 

The shape and size of the domains in thermodynamic equilibrium are given by the 
condition that the total free energy should be a minimum. They depend considerably on 
the actual shape and size of the body. In the simplest case, that of a ferromagnet in the form 
of a flat plate, the domains may in principle form parallel layers across the body from one 
surface to the other. In what follows we shall take this case. 

The formation of an entire new boundary between domains results in an increase in the 
lotal surface tension energy. This energy consequently tends to reduce the number of 
domains, 1€. to increase their thickness. The excess energy near the outer surface of the 
body, where the domains emerge, has the opposite effect. In the body the magnetic field 
H= 0, and the anisotropy energy is also zero, because the vector M is in a direction of easy 
mag etization. Near the surface, however. this is not so. 

The way in which the domains emerge at the surface of the body is different in the 
muting cases of large and small magnetic anisotropy. A natural measure of this quantity in 
Present case is not the coefficient £ itself in (41.1) but 8/47. This is seen from the 
ssion p, = 1 +4r/p (41.7) for the transverse magnetic permeability of a uniaxial 



























l en the magnetic anisotropy is large, the layers must emerge at the surface with no 
e in the direction of M (Fig. 23a, p. 154, where for simplicity we suppose that the 
ace is perpendicular to the direction of easy magnetization). Near the surface there is a 


3 etic field which penetrates into the surrounding space, and into the body, to distances 


_ © Order of the layer thickness a. 

then the opposite case of weak anisotropy, a more favourable disposition is that where 
p IS no magnetic field, and M deviates from the direction of easy magnetization. For 
A = Ô we must have everywhere div B = 4x div M = 0, and M, must be continuous at all 


The concept of domains was first put forward by P. Weiss (1907). The thermod 


ynamic theory of domain 
Sy L. D. Landau and E. M. Lifshitz (1935). i en 
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domain boundaries and at the free surface. This is achieved by the setting up of domains of 
closure with triangular cross-section (Fig. 23b), in which the magnetization is parallel to the 
surface of the body. The total volume of these regions, and therefore the anisotropy energy 
in them, are proportional to the layer thickness a.t 

Thus in all cases the emergence of the domains at the surface of the body results in an 
excess energy which increases with the thickness of the domains. This effect therefore tends 
to reduce the domain thickness. 

The actual thickness of the domains is determined by the equilibrium of the two 
oppositely acting effects, namely the surface energy of the domain walls and the energy of 
emergence of the domains at the surface of the body. The number of plane-layer domains in 
a plate is proportional to 1/a, while the surface-tension energy at the surfaces separating 
them is proportional to their total area, i.e. to l/a, where lis the thickness of the plate. The 
energy of emergence is proportional to a. The sum of these two energies has, as a function 
of a, a minimum when a has a value proportional to Yi l. 

For example, in the case of weak anisotropy (Fig. 23a), the energy of emergence per unit 
area of the two sides of the plate is ~ aßM?; the surface energy is M?Al/a (the plate 
thickness l is, of course, assumed much greater than the domain thickness). Hence 


a ~ ./(IA/B) ~ ./(16). (44.1) 


Thus the thickness of the domains increases with the dimension of the body, but the 
quantitative law aoc „/lof this increase is based on the assumption that the domains are of 


t Itshould be emphasized that the boundary between the principal domains and the domains of closure, which 
separates regions where the directions of M differ by 90°, is not in this case (i.e. in uniaxial crystals) a phase 
boundary in the literal sense, as is seen from the fact that a state with magnetization perpendicular to the easy axis 
(when H = 0) is in itself unstable and not a possible phase of matter. Strictly speaking, the distribution of 
magnetization shown in Fig. 23b relates only to the limit 8 — 0. Even in the first approximation with respect to the 
small quantity B/47, deviations from this pattern and transitions between principal domains and domains of 
closure occur at distances less than the domain thickness a by this small factor, and fields ~ BM occur (although 
this does not affect the estimate of the energy of domain emergence at the surface of the body). 
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constant thickness, and clearly cannot be valid for all values of l. The reason is that the 
shickness of the domains at the surface of the body cannot exceed some limiting value a, 
which depends on the properties of the ferromagnet but not on the shape and size of the 
pody. The value of a, is determined by the point at which, as a increases, the splitting of the 
domain near the surface to a depth ~ a becomes thermodynamically favourable. Such a 

int must necessarily be reached, since the energy of the emergence of one domain 
increases as a*, whereas the excess surface-tension energy resulting from the splitting of the 
domain increases only as a. 

Thus we conclude that, as the size of the body, and therefore the domain thickness, 
increase, a progressive branching of the domains occurs as they approach the surface of the 
body (E. M. Lifshitz, 1944).+ In principle, when / becomes sufficiently great, the branching 
continues until the thickness of the branches at the surface itself becomes comparable with 
the domain wall width ô. 

The function a(l) can be found for this limiting case. In making estimates, we shall take 
the particular case of weak anisotropy. 

Figure 24 shows the domain branching pattern. The energy of emergence of the domains 
is here made up of the additional surface energy of wedge-shaped domains and the 
anisotropy energy due to the deviation of M from the z-axis as a result of branching; here 
there are no triangular domains of closure. Assuming rapid convergence of the sum over 
successive branchings, it is sufficient to consider the first wedge, whose length is denoted by 
h. It is evident from energy favourability arguments that h is much greater than the 
thickness of the wedge (or, equivalently as regards order of magnitude, than a), i.e. the angle 
9 between the wedge boundary and the z-axis is 9 ~ a/h < 1. The surface energy of the 
wedge is ~hM7A, and the anisotropy energy due to the wedge is ~ haßM? 9? 


~a°BM7/h; the energy of emergence, the sum of these two, is least when h? ~ a?ß/A, ice. 
when 


ajh ~ \/(A/ap) ~ ./(6/a) < 1 (44.2) 


Y W W 






critical value of ! at which branching begins varies greatly according to the nature of the magnetic 
tropy and according to the configuration of the sample surface in relation to the crystallographic axes. The 
i Stages of domain branching have been investigated by E. M. Lifshitz (Journal of Physics 8, 337, 1944). 
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(with the assumption, of course, that a > 6). The energy of emergence per unit area of the 
plate surface is then ~ a*/*M?./(BA)/a. The surface energy of the principal domain 
boundaries is ~ M?Al/a. Minimizing the sum of these two expressions gives 


a ~ 17/3(A/p)'3 ~ (P8 (44.3) 


(I. A. Privorotskiï. 1970). 

To conclude this section. let us consider the phase equilibrium conditions in a 
ferromagnet from a somewhat more general standpoint than was needed for the above 
discussion, by no longer assuming that all the components of H are equal in the two phases: 
this formulation may be appropriate, for instance, in the treatment of curved domain 
boundaries. 

First of all, the general magnetostatic conditions (29.13) must be satisfied: 


Bin, = Ban H,, T H,,; (44.4) 


these follow from Maxwell’s equations div B = 0, curl H = 0. In addition, the thermody- 
namic condition must be satisfied which expresses the equilibrium with regard to a 
movement of the interface (in the direction normal to it), ie. with regard to a transfer of 
matter from one phase to the other. This condition is represented by the equality in the two 
phases of the thermodynamic potentials relative to B, and H,.{ To find these, it is sufficient 
to rewrite the product — B-dH in the expression for the differential dF (31.6) (again 
neglecting magnetostriction) as 


—B-dH = — B,-dH,— B,dH, 
= —d(B,H,)—B,-dH,+ H,4B,,. 
From this it is clear that the required thermodynamic potential F” is 
F' = F+B,H,/4n, (44.5) 
and the boundary condition sought 1s 
| ee ae (44.6) 
(I. A. Privorotskit and M.Ya. Azbel’, 1969). 


PROBLEM 


Determine the energy of the magnetic field near the surface of a ferromagnet at which plane-parallel domains 
perpendicular to the surface emerge without change in the direction of magnetization (Fig. 23a). 


SOLUTION. The problem of determining the magnetic field near such a surface is equivalent to the 
electrostatic problem of the field due to a plane divided into strips charged alternately positively and negatively 
with surface charge density o = + M. 

Let the surface of the body be the plane z = 0, and let the x-axis be perpendicular to the plane of the domains. 
The “surface charge density” o(x) is a periodic function with period 2a (a being the width of the domains), and its 





+ The idea of domain branching and the result that in the limit a oc 1°’? were first put forward by L. D. Landau 
for the intermediate state of superconductors (§57). 

t This statement is justified in a similar way to the derivation of the ordinary condition of phase equilibrium, 
the equality of the chemical potentials of the two phases, in which the independent variables are the temperature 
and the pressure, these being equal in the two phases; see SP 1, §81. 
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jn a typical period iso = — M for —a < x <0,0= + M for0 < x < a. Its expansion in Fourier series is 
= _ (2n+1)nx 
o(x)= > c,sin————-,_ c = 4M/(2n+ In. 
n=0 a 


eld potential satisfies Laplace’s equation 





e 0? 
De o 


k ġ as a series 


Ee (2n+1)nx  _ 
ġ(x. z) = oe b,, sin ———-—— e +(2n+ l)nzia 


n=O a 

the two signs in the exponent relate to the half-spaces z > Oand z < 0. The coefficients b, are given by the 
ry condition 

Aar [0ġ/z], =0+ ie [2¢ġ/2z], =0~ 7 4no. 

ib, = 2ac,„/(2n + 1). 

required field energy can be calculated as the integral 5 f o ¢ df over the “charged surface”. The energy per 


1 1 | eee: 
22a | [of l-0 aa CP, 
8a M? & 1 TaM? 








z = L: 


oe. n+? n 


ə zeta function ¢ (3) = 1.202, the result is equal to 0.852 aM?. The width of the domains in the plate is 
i minimizing the sum 1.7 aM? + M? Al/a, the first term being the energy of emergence of domains on both 
the plate. and the second term the surface energy. Hence a = 0.8 J (Al (C. Kittel, 1946). 


Single-domain particles 


he dimensions of the body decrease, the formation of any domains at all ultimately 
es thermodynamically unfavourable, so that sufficiently small ferromagnetic 
s are uniformly magnetized single domains. The criterion giving their dimension I is 
d by comparing the magnetic energy of a uniformly magnetized particle with the 
iformity energy which would result if there were considerable non-uniformity in 
ribution of the magnetization over its volume. The former energy is of the order 
/. and the latter of the order of «M° V/I?. The condition for a single domain to be 
1s thereforet 

1S Ja. (45.1) 


der to ascertain the behaviour of a uniformly magnetized particle in an externa! 
tc field, we must consider its total free energy, substituting in (32.7) for F the sum of 
hd the anisotropy energy: 


F = WU miso- M-[ (H+ §) dV, (45.2) 


gration being taken only over the volume of the body, and the unimportant 


om 


TM micromagnetism is sometimes used to refer to the properties of assemblies of such particles. 
ting the magnetostriction, we make no distinction between the thermodynamic potential and the 
y. considering the latter for a given volume V of the body. 
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constant VF, being omitted. Let the particle be ellipsoidal. Then the field H within it is 
given by (29.14). or 


H; = Hi — Anhi Mx; (45.3) 
the second term here is the “demagnetizing field” due to the body. We thus find 
= 2nn,M,;M, V—-VM: 9+ VU niso- (45.4) 


The first term is called the intrinsic magnetostatic energy of the magnetized particle; the 
second term is the energy of the particle in the external field. 

The direction of magnetization of the particle in the external field $ is determined by the 
condition that ¥ be a minimum as a function of the direction of M. For a cubic crystal, the 
anisotropy energy may be neglected in (45.4). For a uniaxial crystal, writing the anisotropy 
energy in the form 4 f; M; M,, we have 


F =1V (4nn,+B,)M,M,—V 9-M. (45.5) 


The problem thus formulated is mathematically identical with the one in §41 concerning 
the dependence of the local magnetization M on the local field H, the only difference being 
that H is replaced by §, and Pip by 4an,, or by 47n,, + Pir 

Lastly, let us derive the equation which must be satisfied by the distribution of the 
magnetization in a single-domain sample, under conditions such that this distribution 
cannot be supposed uniform. To do so, we must require that the total free energy of the 
body be a minimum: we write it as the integral 


F=(Fdv 
= [{Fo(M) + Ugon-ut Uaniso— M *H — H? /87} dV, (45.6) 
taken over all space. The variation is with respect to M, which is here a function of the 
coordinates, the value of H being specified at every point; the magnitude of M is fixed, and 
only its direction varies. Omitting from the integrand terms which depend only on M or on 
H, we vary the integral 


fia on Me? Bee + Urn Mm- Hla, 
i k 


which is now taken only over the volume of the body (where M # 0). Integrating the first 
term by parts after the variation, we find 


ô F = — Je M- -Tga LMH} -Smd 
k 

2 0M 

Ox, 


the second integral is taken over the surface of the body. Since m? = 1, we have 
m :ôm = 0, i.e. the variation is of the form 6 m = 6 w Xm, where 6 w is an arbitrary (small) 
function of the coordinates. The condition ô ¥ = 0 gives the required equationt when the 


a, M? oo -8m df; (45.7) 


t Itis, of course, the same as the equation of motion (precession) of the magnetic moment ina ferromagnet, if 
the rate of change 6M/0t is put equal to zero (see SP 2, §69). 
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coefficient of ôw in the volume integrand is put equal to zero: 


ôm _ BU aniso 


m x (aa M? — 20 4. M H) =0. (45.8) 


Ox,ex, ôm 
pquating the surface integral to zero, we obtain the boundary condition on this equation, 


mxôm/ôn = 0, (45.9) 


where n is the direction of the normal to the surface of the body. 
Together with (45.8), Maxwell’s equations 


div (H+42zMm)=0, curlH=0 (45.10) 


must of course be satisfied in all space, with the usual boundary conditions on the surface 
of the body and the condition H > $ at infinity.f. 

For a uniformly magnetized (ellipsoidal) body the first term in the parentheses in (45.8) is 
zero. The remaining equation, with H from (45.3), is the same as the condition for a 
minimum of the free energy (45.5). 


§46. Orientational transitions 


The anisotropy constant of a ferromagnet is a function of temperature, and so can 
change sign at any point. The direction of the spontaneous magnetization then changes also, 
and therefore so does the symmetry of the magnetic structure. The resulting transitions 
between different phases of a magnetic substance are called orientational transitions. Let us 
see how such transitions occur in a uniaxial hexagonal ferromagnetic crystal (H. Horner 
and C. M. Varma, 1968). 

Since we have in mind to consider the neighbourhood of a point where the anisotropy 
Constant K, becomes zero, it is necessary to take into account also the next term in the 
expansion of the anisotropy energy; for a hexagonal ferromagnet, such an expression for 
I is given by (40.3). 

Let us first suppose that K, > 0. The minimum of U miso then corresponds to the 
following phases, depending on the values of K, and K;; 


(I) 0 =0, 7 for K, > 0, 
(II) sin @ = +,/ (—K,/2K,) for —2K, < K, <0, (46.1) 
(II) 0 =} x for K, < —2K,. 


Phases I and III are of the easy axis and easy plane type respectively. In phase II, the 
Magnetization vector does not have a fixed orientation as in phases I and III; as the 
4 Perature varies, its direction changes continuously between @ = 0 (or n) and 0 = $r. 
AE symmetry of this phase (sometimes called the angular phase) is lower than that of both 







a The question may arise whether it is Correct to vary the integral (45.6) with respect to m for constant H, even 
i i 8h these are related by the first equation (45.10). In fact, however, if we put (from the second equation) 
a — Brad ¢ and calculate the variation of the integral with respect to ¢, the result is zero by virtue of the first 
“™“ation. Thus the variation with respect to H gives no contribution to 6¥. 
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phase I and phase III. The transitions between phases I and II, and II and III, take place as 
second-order phase transitions at temperatures 7, and T, given by the conditions 


K, (7,)=0, K, (7,)+2K, (T2) = 0. (46.2) 


We shall take the particular case where K, > 0 for T >7,. Then 7, < T, if K, > 0. 
In the presence of a magnetic field, the thermodynamic potential 1s 


® = K, sin? 0 + K, sinf 0— H M: (46.3) 


Only the terms which depend on the direction of M are shown here. Near the transition 
point between phases I and II, the order parameter is the small quantity sin 0 = 0 = ņ. In 
this range. the thermodynamic potential in a weak transverse magnetic field H = H, is 


ô = Kin? + Kant — MH,.n, 


with K, = constant x (7 —7,). In the usual way (cf. §39), we deduce that at the transition 
point the transverse susceptibility 


K= (2M,/0H;)H, +0 = M (c0/CH,) y 0 


tends to infinity in a similar manner to that given by (39.6) and (39.7). Analogously, near the 
transition point between phases II and III, the order parameter is the small angle 

= İņ — 0. In a longitudinal field H = H, the thermodynamic potential contains a term 
— MH,n, and at the transition point the longitudinal susceptibility yı becomes infinite. 

The above argument is based on the Landau theory of phase transitions. For 
orientational transitions, this theory is valid almost without restrictions. The closeness to 
the transition point that is allowable in the Landau theory is determined by a condition (see 
(47.1) below) having in the denominator the cube of the coefficient « in the term (43.1) of the 
thermodynamic potential, which arises from the non-uniform distribution of the order 
parameter. In the present case, this term is due to the exchange interactions in the 
ferromagnet, whereas the expansion terms relative to the parameter yn itself are due to the 
relativistic interactions. This is the cause of the extreme narrowness of the temperature 
range near the transition point within which the Landau theory is not valid. 

Now let K, < 0. Then phase II is unstable (U aniso has a maximum and not a minimum), 
so that the easy-axis phase I must pass directly into the easy-plane phase III. It is clear from 
the start that this cannot be a second-order transition, since neither of the symmetry 
groups of phases I and III is a sub-group of the other. The transition takes place as a first- 
order phase transition at the point T = Toe which is given by the equality of the 
thermodynamic potentials in the two phases (i.e., of the values of U aniso) | 


K, (To) + Kz (To) = 0. (46.4) 


The point 7, lies between 7, and T, as given by equations (46.2) (where now T, > 7;). In 
this case, the temperatures 7, and T, determine the limits of metastability of phases I and I 
respectively; beyond these limits, U aniso has a maximum and not a minimum at 6 = Oor 47. 

Orientational transitions can occur not only when the temperature varies (spontaneous 
transitions) but also when the magnetic field applied to the body changes (field-induced 
transitions). The transition points occupy curves in the (H,7) phase diagrams (for a given 
crystallographic orientation of H). As an example, let us consider the phase diagrams of the 
same uniaxial ferromagnet in a field H, parallel to the hexagonal axis. 

A longitudinal field does not affect the symmetry of the easy-axis phase (EAP in Fig. 25). 


§46 Orientational transitions 16] 





Fic. 25 


The easy-plane phase, however, becomes an angular phase (AP), since the field moves the 
magnetization M out of the basal plane. 

~ Letus first consider the case where K, > 0. The regions of the two phases are separated 
by second-order phase transition curves beginning from 7, on the abscissa axis (dashed 
curves in Fig. 25a). The upper and lower parts of the diagram correspond to two opposite 
directions of the longitudinal field, and accordingly to opposite signs of the longitudinal 
component M_,. Near the curve A7,, the angle 0 is small (near A’7,, x — @ is small). As far as 
terms of the fourth order in 0, we have from (46.3) 


Ô = (K, +4 MH) +(K,—4K,—3, MH) @. (46.5) 








The equation of the curve AT, is found by equating to zero the coefficient of 67: 
K, (T)+4MH, =0 (46.6) 


kK, < OwhenT < T); the curve A'T, is obviously given by the same equation with the sign 
Ofthe second term reversed, and is symmetrical with respect to the curve AT). 


a The segment 7,7, of the abscissa axis is a first-order phase transition line, on which two 
Bħases with opposite signs of M, are in equilibrium. The second-order phase transition 
ch occurs at T, in the absence of the field disappears when the field is present; T, is a 
tical point in the (H,7) phase diagram, at which a first-order transition line terminates. 
T ther termination point of this line is the Curie point 7. (at which the magnetization 
‘émishes when H, = 0). 
| poten K, < 0 (Fig. 25b), the initial part of the boundary ABT, between the two phases in 
A (H,7) diagram (and similarly A’ B'T,) is a first-order phase transition curve (the 
a tinuous curve BT,), on either side of which are regions of metastability of the two 
Fases bounded by the dashed curves BT, and BT,.t At B (a tricritical point) the first-order 
<Nsition curve becomes a second-order one (the dashed curve BA, whose equation is 
'*©.6)). The coordinates of this point are given by the simultaneous vanishing of the 









TIt is assumed that the interface between two coexistent phases is parallel to the magnetic field, so that H, is 
“nuous at this interface. 
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coefficients of 6? and 6* in the thermodynamic potential (46.5), i.e. by the equationst 
MH, =2|K, (D|, K,(T)=4K2 (T). (46.7 


Lastly, the segment To T, is a line of first-order transitions between phases with oppositely 
directed magnetizations M, = + M. 


§47. Fluctuations in ferromagnets 


The Landau theory of phase transitions, on which the discussion in §39 was based, does | 
not take account of fluctuations of the order parameter, and thus becomes invalid | 
sufficiently near the Curie point. The range of applicability of this theory is determined by 
the condition | 

|t|/T,. > T, B? /aa’, (47.1) | 


where t = T—T., a and B are the coefficients in the expansion (39.3), (39.4), and « is of the 
order of the components of the tensor «;, in (43.1). We must also, of course, have |t| < T, as 
the condition of closeness to the Curie point. 

When the inequality sign in (47.1) is reversed, i.e. in the fluctuation region, the order 
parameter fluctuations are of decisive importance. The rigorous statistical theory for the 


Curie point of a ferromagnet in this region would have to be based on the effective | 


Hamiltonian. 


CoM eM 


Ox; Ox; 








H oe = [fame + B (M? +44 —H mt dV. (47.2) 
The function M(r) is here assumed to vary only slowly, in the sense that its Fourier 
expansion contains only wave numbers much less than the characteristic reciprocal atomic 
distance. The coefficients a, B, and d are the same as the expansion coefficients in the 
Landau theory, i.e. are independent of temperature; for simplicity, the derivative term 1s 
written on the assumption that the crystal has cubic symmetry, the coefficient being 
denoted by & to distinguish it from the true coefficient a (see below). The effective 
Hamiltonian (47.2) corresponds to the exchange approximation, neglecting the anisotrop) 
energy; in that approximation, we should also neglect the fluctuations of the magnetic field 
that are due to those of the magnetization (i.e. the magnetostatic energy of the fluctuations 
cf. SP 2, §70). The exchange approximation is characterized by a “degeneracy”: the order | 
parameter M has three components, but the effective Hamiltonian is invariant when ths 
vector is rotated through the same angle in all space. 

To describe the behaviour of the thermodynamic quantities near a second-order phas 
transition, use is made of critical indices, defined in a way which will be repeated here 45 it 
applies to the Curie point in a ferromagnet. The index « describes the temperatul® 
dependence of the specific heat C, on either side of the Curie point in the absence © 






| 





| ivedi ithin the 
+ At the tricritical point in the (H,T) phase diagram, we can apply the results derived in SP 1, §150 (within t 
Landau theory) for the tricritical point in the P7-plane. l B a 
t In this section. we use the results given in SP 1, §§ 146-149. The reader 1s assumed to be familiar with ha 
and some of them are mentioned afresh only to make the discussion more coherent. The appropriate referent 
will not be given on every occasion. 
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| mag etic field: 

a C, œ |t|" for H =0. (47.3) 
e index f describes the temperature dependence of the spontaneous magnetization 
low the Curie point: 
| M œ (— t} fort < 0, H =0. (47.4) 
The index y describes the dependence on t of the magnetic susceptibility in the 
naramagnetic phase: 

| xæ t’ for t > 0, H = 0; (47.5) 
below concerning the behaviour of the susceptibility when t < 0. The field dependence 
the magnetization at the Curie point itself is written 


M œ H+!” for t=0. (47.6) 
































[he temperature dependence of the correlation radius of the magnetization fluctuations 
described by the index v: 
r, œ |t| ” for H = 0. (47.7) 


At the Curie point itself, the correlation function is a decreasing power function of the 
distance: { 
Ga () = (6M, 0)6M, (rf) or “+9 for t =0,H = 0. (47.8) 


[he critical indices are connected by certain relations, some of which follow from the 
pothesis of scale invariance. These relations are universal ones, and in particular do not 
end on the number of components of the order parameter; they enable all the above- 
ntioned indices to be expressed in terms of any two of them. 

[able 2 gives the values of the critical indices for a ferromagnetic transition. For 
Nparison, we give also the values for other degrees of degeneracy n (where n is the 
nber of components of the order parameter M in the effective Hamiltonian in the form 
2); n = 3 for a three-dimensional ferromagnet in the exchange approximation).§ 

n the paramagnetic phase. the correlation function decreases exponentially at distances 
r~ In the ferromagnetic phase, we have to distinguish fluctuations with and without a 
nge in the magnitude of M. The degeneracy of the Curie point problem in the exchange 
TOximation makes its appearance here. 

he difference does not arise when the change in M, including the change in its direction, 
€s places over short distances r < r,; the correlation function then has the same 
laviour (47.8) for all fluctuations. At distances r > r, (wave numbers such that kr, < t), 

















TABLE 2 
n x P y v ô £ 
1 0.110 0.325 1.240 0.630 0.48 0.031 
2 — 0.007 0.346 1.315 0.669 0.48 0.033 
3 —0.115 0.364 1.387 0.705 0.48 0.033 


—— m o 


‘This refers to the “singular” part of the specific heat: when «<0, the specific heat C, = C 
Stant x |t|. The index « is not to be confused with the coefficient in (47.1), (472) and below. ` a 
We are everywhere considering only ordinary three-dimensional bodies. 

e values of the small indices « and ¢ are taken from numerical calculations (J. C. Le Guiliou and J. Zinn- 


in, Physical Review B 21, 3976, 1980). The others have been calculated from these two. 
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the fluctuations of the direction of M increase “anomalously” because of the decrease | 
amount of energy needed for this departure from equilibrium, for a rotation of the 
magnetization uniform throughout the crystal, k — 0, and no energy at all is needed. The 
correlation function of the fluctuations of the direction of M at such distances can be 
derived thermodynamically. 

Since M varies slowly, we can separate in the thermodynamic potential the terms relateq 
to this variation: i 


cM cM 
= 1 Sanaa 
Gp geo TM) +40 | Ox; 


(47.9) | 


f 
where gp, applies to a uniformly magnetized body.t It must be emphasized that we are here | 


discussing the true thermodynamic potential, and the coefficient %, a function of | 
temperature, is not the same as & in the effective Hamiltonian. 

Ina small rotation of M (without change in magnitude), the term geo (7, M)is unaltered, | 
If some particular direction of M is chosen as the z-axis, a small deviation from this . 
direction can be described by a small two-dimensional vector ôM, = M, in the xy-plane | 
The corresponding change in the thermodynamic potential ist 


M, cdM 
ae! fay. 47.10 
pies oo | Ox; Ox: ( 











Substituting ôM, as a Fourier series 
ôM, =f 6Mye**, 6Mi.=9oM, _,¥, 
k 


we find 


go = f Va) k7|5M_ l, 
k 


and the mean square fluctuation 


CMa Mpk) = (T/V ak?) 6,6. (47.11)! 
where «and £ are vector suffixes in the xy-plane. The corresponding coordinate correlation 
function is§ ` 












G, (r) = (T/4nar) ĉap- (47.12 


. s : : : . € 
Thus the correlation function of the fluctuations of the direction of M m i 
ferromagnetic phase decreases according to a low power law (~ 1/r) at distances r > f 
whereas the correlation function of the fluctuations of the magnitude M decreases mo 

rapidly. 


tite Te eee ee vel- 

+ Strictly speaking, we should use here the thermodynamic potential Q, not g; cf. SP 1. §146. How 
according to the theorem of small increments, the derivative term concerned here has the same form for 
potential, and the potential will therefore be written as cr. 

+ The calculations below are exactly analogous to those in SP 1, §146. y N of thé 

§ Formula (47.12) can also be derived in microscopic spin-wave theory. It is valid independently omi? 
closeness to the Curie point; far from the latter, the only requirement 1S that r be much greater than at etl 
dimensions (see SP 2, §71, Problem 4). Neglecting the magnetic anisotropy energy. however, places an uppe! vst 
on the range of validity of (47.12). For example, in a uniaxial crystal with the anisotropy energy (41.1), we mm 
have r < ./ (B/a). 


Ta 
par 
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Using the hypothesis of scale invariance, we can now determine the temperature 
lependence of the thermodynamic quantity a, expressing it in terms of the critical indices 
fined above. As already mentioned, when r<r, the correlation functions of all 
juctuations of the magnetization, including those of its direction, have the same behaviour 
141.8). One feature of scale invariance is precisely that the characteristic distance at which 
" one limiting form changes to the other is r,. That is, when r ~ r, the two forms should give 
he same order of magnitude of G. When r ~ r,, the temperature dependence of G from 

47.7) and (47.8) is 

Gar, “Moe (—1y 


According to (47.12), 
Goa (ar) t~a! (—tY. 


| Comparison of these two expressions gives 
a~ (t) (47.13) 


P.C. Hohenberg and P. C. Martin, 1965). Thus, as 7 > 7., « tends to infinity, though only 
lowly (since ¢ is small). In the Landau theory, it tends to a finite non-zero limit.T 
hen H #0, the thermodynamic potential (47.9) must contain a further term 
= f HM, dV (when a field is present, the mean direction of M, i.e. the z-axis, is of course the 
same as the direction of H). In a fluctuation of the direction of M with M? = constant, we 
lave 















2M6M,+6M,” =0, 


he fluctuation therefore causes the expression (47.10) for the change in go to have an 
Iditional term 
— Í H ôM, dV = —(H/2M){ (6M) dr. 


t'is clear that this causes «k? in (47.11) to be replaced by «k? + H/M, so that 


À 


(ôM,ôM;) = 


ese formulae yield the susceptibility of the ferromagnetic phase, i.e. the derivative 


0 Prg 
E te) = aap ag M> ity) 


: -2M 6H 
Mi < (ÔM > from (47.14) and changing from summation over k to integration, 
T 1 V d?k 
K TN SA EF 
Ad finally. after evaluating the integral, ł 
ee)”. (47.16) 


j It must be emphasized that the possibility of determining the function a (t) depends on the degeneracy of the 
Oblem. For the same reason it is possible to determine the temperature dependence of the superfluid density p 
‘quid helium near the A-point; in that case, the degree of degeneracy n = 2 (see SP 2, §28). The quantities « MŽ 
a Ps play an analogous role in the two cases. 

+ The integral is governed by the range k? ~ H/ Maoa; for sufficiently small H, this is compatible with the 
ndition kr, < 1 for (47.14) to be valid. 
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We see that, in the exchange approximation, the fluctuations of the direction of M deprive 
the susceptibility y in the ferromagnetic phase of its literal significance, as it increases 
without limit as H > 0. Formula (47.16) is applicable not only near the Curie point. 


By M in the denominator of (47.16) is to be understood its value for H = 0. In the | 
fluctuation range (near the Curie point), taking the temperature dependences of M and y 


from (47.4) and (47.13), we find that in the ferromagnetic phase 
vo (=H 26-2 Fe ae ee. (47.17) 


In the (temperature) range where the Landau theory is valid, there is a range of values of 


| 


H for which the ordinary term (39.7) predominates in the susceptibility. For, substituting | 


into (47.16) M ~ (—at/B)'/?, we obtain as the condition for this predominance 
Hes TB (atu ae 


In the Landau theory, H may be considered weak if MH < AM 2 ie. H < (alt)? Bo, 
The condition for these two inequalities to be compatible is the same as the condition (47.1) 
for the Landau theory to be valid. 

The exchange approximation becomes invalid in the immediate neighbourhood of the 
Curie point, where the anisotropy energy becomes considerable on account of the decrease 
in the exchange energy. The number of order parameter components then varies; for 
instance, it decreases to one in a uniaxial ferromagnet of the easy-axis type (M, in place of 
M: cf. the end of §40). In the Landau theory, this circumstance does not affect the form of 
the temperature dependence of the spontaneous magnetization and the magnetic 
susceptibility. In the fluctuation range, however, it is important: the fluctuations of M, 
increase without limit, but those of M, and M, remain finite. This alters the values of the 
critical indices and causes temperature dependence of the anisotropy coefficients. The 
problem is further complicated by the fact that it may be necessary to take into account 
also the magnetostatic energy of the magnetic field fluctuations; we shall not pause here to 
discuss this complex situation. 


§48. Antiferromagnets near the Curie point 


Like ferromagnetism, an antiferromagnetic structure is established basically by the 
isotropic exchange interaction of electrons; the weaker relativistic interactions determmeé 
the crystallographic orientation of the magnetizations of the sub-lattices.t The ante 
ferromagnets now known are extremely varied in structureand therefore in their particula! 
magnetic properties. 

As an illustration, we shall consider only a simple but typical and important case, that of 
a uniaxial antiferromagnet with two antiparallel magnetic sub-lattices. The atoms in thes? 
sub-lattices occupy equivalent lattice sites (that is, the symmetry elements of the magnetit 
space group include rotations or reflections which interchange the atoms of the differen! 


and 


+ Itcan also be derived in spin-wave theory (see SP 2, §71, Problem 2). Neglecting the magnetic anisotropy (fo! 


the magnetostatic energy of the fluctuations, however, restricts its validity in accordance with the condition 
uniaxial crystals) H > BM or H > 4r M. l i l uel 

+ The idea that the exchange interaction may produce a State in which the sub-lattices have antipara 
magnetic moments was first put forward by L. Neel (1932). Independently, a similar idea was suggested by . i 
Landau (1933), who formulated the concept of the antiferromagnetic state as a thermodynamic phase differen 
from the paramagnetic one, and of the necessary existence of a point of transition between them. This will 
called the antiferromagnetic Curie point. 
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p-lattices); otherwise, symmetry would not require strict equality of the magnitudes of 
e sub-lattice magnetic moments, and the crystal would be ferromagnetic. 

Let M, and M, be the magnetic moments of the two sub-lattices per unit volume. We 
re as the order parameter, equal to zero in the paramagnetic phase but not in the 
tiferromagnetic phase, the difference 


L=M,-M,, (48.1) 


led the antiferromagnetic vector. The magnetization, equal to zero in the absence of a 
genetic field, is the sum M = M, +M.. 

In relation to L, the symmetry transformations fall into two classes: those which 
erchange atoms only within the same sub-lattice, and those which interchange atoms in 
fferent sub-lattices. Then L is transformed simply as an axial vector for the first class, but 
addition changes sign for the second class. 

Near the Curie point, L is small. In the Landau theory, the thermodynamic potential Ë 
this range is expanded in powers of L and M, as first discussed by Landau in 1933. 
owever, since the magnetization occurs only when the field H is present, it would be more 
rect to expand in terms of L and H immediately. For a uniaxial crystal, such an 
pansion 1s 


® = Do +AL?+ BL’ +D (H-L)Y +D H? L? 
—4y,H? +3 P(L2 + L,?) -—4)(AZ + A,) — 7/80. (48.2) 





e first five terms (after ®,) are independent of the crystallographic orientation of the 
tors H and L; they are of exchange origin. The next two terms are due to the relativistic 
factions; the z-axis is, as usual, taken to be along the principal axis of symmetry of the 
stal. A term H -L linear in H is forbidden by the requirement of invariance under 
nsformations that change the sign of L. 

F$ > 0, the antiferromagnetic vector L is along the z-axis (an antiferromagnet of the 
y-axis type). If 6 < 0, L lies in the basal plane (an antiferromagnet of the easy-plane 
e . In the former case, the antiferromagnetism corresponds to the vanishing of the 
lection A(T) (the coefficient of L,”); in the latter case, to the vanishing of A +48 (the 
anicient of L? + L). 

We shall consider an easy-axis antiferromagnet (f > 0). Near the Curie point, we put as 
lal A = a(T —T,), and take B to have its value for T = T; then B > 0 is the condition for 
State with L = 0 to be stable at T = T, In the paramagnetic phase, A > Oand L = 0. In 
@ ntiferromagnetic phase, A < 0, and minimizing the potential ® for H =0 gives the 
al Landau-theory temperature dependence of L: 


L=/ {a(T.—T)/2B]. (48.3) 
Differentiating the potential (48.2), using the formula 

66/0H = —B/4n = —H/4n—M., 

find for L = 0, i.e. in the paramagnetic phase,t 


M, = (Xo t YHE M, = (Xp tH, M, = H.. (48.4) 


The term — H?/8z is separated in (48.2) so that the differentiation of the remaining terms with respect to H 
S just M. 
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The constant y makes the magnetic susceptibility anisotropic in this phase. Because of its 
relativistic origin, we have | y | < x,. This constant will be neglected in what follows, so that 
Xp will be the isotropic susceptibility for T > T.t 

In the antiferromagnetic phase, when H —> 0 (i.e. when the field dependence of the 
equilibrium value of L is neglected). we have 


M = x, H—2DL(L-H)—2D'L’ H. : (48.5) 
If the field is perpendicular to L, then 
M=% H, x =x -2D L 
= Xp— (D'a/B) (T,—T). (48.6) 
In a longitudinal field, 
M=x%H, %xı=xı 2D" 
= ¥p— (D + D')a (T,—T )/B. (48.7) 


The susceptibility is anisotropic and remains so even when the relativistic interactions are 
neglected, i.e. the anisotropy is of exchange origin. 

It must also be emphasized that at the Curie point itself the susceptibility remains finite 
and continuous, but its first derivatives are discontinuous. There is an important difference 
here from a ferromagnet, for which the susceptibility becomes infinite at the transition 
point. This difference between the ferromagnetic and antiferromagnetic Curie points is 
closely related to the difference in the way they are affected by the presence of a magnetic 
field. In a ferromagnet, any field, however weak, blurs the transition, since by magnetizing 
the paramagnetic phase it removes the difference in symmetry of the two phases. 
Antiferromagnetic order, however, cannot be created by a magnetic field; the difference in 
symmetry between the two phases is maintained even in the presence of a field, and the 
transition remains sharp. 

With the accuracy allowed by the expansion (48.2), the coefficients D and D’ in (48.6) and 
(48.7) may be taken as having their values at T = T,. The discontinuities in the derivatives of 
the susceptibility are therefore} 

Ci OM OD ON ia VED (48.8) 


of T B or 2I B 


Let us now return to the expression (48.2) for ©. The terms with the coefficients D and f 
depend on the direction of L. We shall assume that D > 0 (i.e. X; > X1), and as before that 
B > 0 (an easy-axis antiferromagnet). If the magnetic field is perpendicular to the z-axis, the 
form of these terms shows that the minimum of & corresponds to L, = L, = 0, i.e. L® 
always in the z-direction. If, however, the field is also along the z-axis, we see that, when thé 
magnetic energy in the field (the first of the terms mentioned) becomes comparable !" 
magnitude with the anisotropy energy, there should be a change in the direction of L 


+ Inall knowncases. the substance becomes paramagnetic at the antiferromagneuc Curie point, i.e. x, > ©. The 
sign of x, cannot, however, be deduced from thermodynamic arguments alone. ‘ í A 

+ No general conclusion as to the sign of D and D‘ can be drawn from purely thermodynamic arguments. i 
practice, the discontinuity of éx,/CT is always negative; this means that D+ D k 0. That of @y, /éT is usual! 
negative also, and near the Curie point y, > Xm this means that D > O and D’ > 0. 


s48 Antiferromagnets near the Curie point 169 


which rotates into the basal plane. This spin flop of the sub-lattices occurs abruptly at a 
ertain field value H = H, (L. Néel, 1936), a result proved as follows. The terms in question 
n (48.2) may be written in the form 


H? DL? + L? (— DH, +4 f) sin’6, 


where 0 is the angle between L and the z-axis. It is evident that the minimum of ® occurs for 
9=0 if H, < H,, where 


H,? = B/2D = PL? Ix — xi): (48.9) 


f H, > H,, however, the value corresponding to equilibrium is 0 = Sn, and L is 
gerpendicular to the z-axis. A similar situation continues to exist far from the Curie point. 
The flop field H, depends on the temperature, and the above discussion shows that the 
curve H = H,(7) in the 7H-plane is a curve of first-order phase transitions. 

In sufficiently strong magnetic fields, the antiferromagnetic structure cannot be 
hermodynamically stable, since the parallel orientation along the field becomes energeti- 
cally favourable for the magnetic moments of the two sub-lattices. The disappearance of 
he antiferromagnetic structure involves a change in symmetry and takes place by a second- 
order phase transition. In the 7H-plane, therefore, the region in which the antiferro- 
magnetic phase exists is bounded by a curve H = H,(7). The loss of antiferromagnetism 
must occur when the magnetic energy in the field becomes comparable with the exchange 
energy. Far from the Curie point, the critical field can be estimated in order of magnitude as 
_~T., where u is the atomic magnetic moment. As the Curie point is approached, H, 
decreases. and becomes zero at that point. The function H,(7) in this range is easily 
determined by means of the same expression (48.2) for the thermodynamic potential. 

It has been shown above that, if the field H is perpendicular to the z-axis, L is always 
Parallel to that axis. The L-dependent terms in the thermodynamic potential are 


AL? + BL* + D'H? L’. (48.10) 










this we see that the presence of the magnetic field replaces the coefficient A by 
_4+D'H?. and the latter is zero at the new transition point. The critical field is therefore 
Sven by 
H? = —A/D' =a(T,—T)/D. (48.11) 


“TFH is parallel to the z-axis, for H < H , the vector L is again along that axis, but the L- 


pendent terms in (48.2) differ from (48.10) in that D’ is replaced by D + D’. In this case, 
‘therefore, 





diene, 25 
c D+D' 





eT (48.12) 

| pE : 

| Stly, if H > H, the vector L is perpendicular to the z-axis: in this case, we similarly find 
Uthe critical fieldt 


a on 
c D 





fet p20). (48.13) 










As has already been stressed more than once, the anisotropic terms in expressions such as (48.2) remain 
nificant far from the transition point, whether or not L is small, since they are part of the expansion of the 
ativistic interactions in powers of the components of the unit vector | = L/L. Formula (48.9) also is therefore 
aningful far from the Curie point, provided that we regard BL? as the coefficient in the 4(I,2 + 1.2) term in the 
TModynamic potential. sA aed, 

- The derivation of formulae (48.1 1}(48.13) in the Landau theory is due to A. S. Borovik-Romanov (1959). 
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Figure 26 shows the (7, H°) phase diagram for an antiferromagnet near the Curie point 
for both the field directions considered. The dashed lines are second-order transitions, and 
the continuous line a first-order one; P denotes the paramagnetic phase, AF , and AF’, the. 
antiferromagnetic phases with L respectively parallel and perpendicular to the z-axis. In 
the Landau theory (which is used for the whole treatment here) the diagrams consist of 
straight lines. For a longitudinal field there is a bicritical point (b in Fig. 26b) where the 
first-order phase transition line ends on a second-order one. This point is analogous to the 
bicritical point in the P7-plane (SP 1, §150, Fig. 67). Its coordinates are 

B D+ D’ 


Tene 
? “20D 





, H, = B/2D (48.14) 


where f, D, D’ are the values of the coefficients for T = T}. 


§49. The bicritical point for an antiferromagnet 


The Landau theory used in §48 becomes inapplicable, as usual, in the immediate 
neighbourhood of second-order transition curves, i.e. in the fluctuation range. Let us 
consider this range near a bicritical point in the phase diagram of a uniaxial anti- 
ferromagnet (of the easy-axis type) in a longitudinal magnetic field. 

The effective Hamiltonian for this problem is 


DD 
Xa= |ar| r-n- + (H-H | 









l 1_ ôL L 1) 

+ BL*+ DLMH,?—H2)sint0+} a Sb av, (491) 

The integrand consists of the L-dependent terms in the expansion (48.2), with A d 
(T—T,)a, the notation T, and H, from (48.9) and (48.14), and the addition of a gradi 
term. This Hamiltonian has the same form as for a uniaxial ferromagnet (not ina magne’ 
field), differing only in the notation: L replaces M, the expression in the square bracke® 
replaces 7 —7,, and 


i 


u = 2D(H,?—H,”) (49.2) 


= is 
replaces the anisotropy constant f of the ferromagnet. When H, = H,, this constant ! 
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ro, and (49.1) reduces to 


1 ôL ôL 
5 hav, (49.3) 


H on = farr- T,) + BL*+ 2 ax. a 

hich is formally the same as the effective Hamiltonian of a ferromagnet in the exchange 
proximation (47.2). These analogies enable us to elucidate a number of properties of an 
tiferromagnet near a bicritical point, by using the known results for a ferromagnet 
J. E. Fisher and D. R. Nelson, 1974). 
The equation H, = H, corresponds to a first-order phase transition curve (spin flop). 
e analogy leads to the conclusion that the thermodynamic properties of the anti- 
fomagnet on this curve near the bicritical point are the same (with appropriate 
nterpretation of the quantities) as those of a purely exchange ferromagnet near its Curie 
int. In particular, as the bicritical point is approached along this curve, the anti- 
romagnetic vector tends to zero in accordance with 


Beth, Ty, (49.4) 






































ere f is the same as in (47.4).f 

Near the bicritical point but off the first-order transition curve, the parameter u is small 
t not zero. However small the value of u, its importance increases as the second-order 
nsition curve is approached (see the comment at the end of §47): the number of 
mponents of the order parameter decreases to one (L, in the AF, phase) or two (L, and 
inthe AF , phase). As u becomes smaller, so does the region in which it is important. The 
ange from n = 3 to n = 1 or 2 takes place via an intermediate range. It is plausible to 
e scale invariance in that range: only the scale of measurement of u changes as the 
titical point is approached. Accordingly, there is a new cross-over index ġ: as the scale of 
-T—T, changes, that of u varies as |t|°. The index ¢ must be positive, since any value of u, 
wever small, affects the nature of the transition. 

In using this hypothesis, we must assume that the phase transition curves near the 
fitical point are given by constant values of x = u/|t|®. The first-order transition curves 
respond to x = 0, the second-order ones between P and AF, to some x, > 0, and those 
ween P and AF, to some x, <0. By H, in the definition (49.2) we must now 
derstand, of course, the actual function H,(7) that would give the exact solution of the 
tistical problem with the effective Hamiltonian (49.1). Expanding it in powers of t and 
hitting from u the constant factor 2H,, we find the variable u near the bicritical point as 


u = H,— H, +c(T-T,), (49.5) 





tere c is a constant. The equation of the first-order transition curve is 

H,—H, = c(T—T,,), 

d those of the two second-order transition curves are 

n tp el ~7,)+c, ,(7 —T,), (49.6) 


lere c, and c, are positive constants. When ¢ > 1 (numerical estimates give @ = 1.25), 


t The index y in this case has no direct physical significance, since it is related to the field h, which would appear 
a term —h-L in the effective Hamiltonian, but has no real existence in an antiferromagnet. 
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these curves have the form shown in Fig. 27 in the fluctuation range; all the curves havea 
common tangent at b. 

The hypothesis of scale invariance near the bicritical point also leads to a number of 
conclusions as to the manner of variation of the magnitude of the antiferromagnetic vector 
L as that point is approached from various directions in the 7H,-plane, but we shall not 
pause to discuss these.t 


§50. Weak ferromagnetism 


There are crystals in which the exchange interaction establishes an antiferromagnetic 


structure but the comparatively weak relativistic interactions cause a slight distortion of 


this structure, as a result of which a magnetization M appears which is “anomalously” 
small in proportion to the ratio of relativistic to exchange interactions. This is called weak 
ferromagnetism. 

The exchange interaction itself allows any orientation of the antiferromagnetic vector L 
in the crystal. A particular crystallographic orientation of L is established only by the 
relativistic interactions described by terms anisotropic with respect to Lin the expansion of 
the thermodynamic potential. It may happen that the symmetry of the resulting structut 
would in itself allow the existence of a ferromagnetic moment M also.§ It is in such case 
that weak ferromagnetism occurs: among the relativistic terms in the expansion of the 
thermodynamic potential, there are some which give rise to the required distortion of the 
antiferromagnetic structure.! This will be shown by means of a characteristic example. 

Let us consider rhombohedral crystals belonging to the space group D$,. As we know 
(see OM, §93), the crystal class D44 contains the following symmetry elements: a threefol 
axis of symmetry C, (trigonal axis), three twofold axes perpendicular to it (denoted by U2) 
and a centre of inversion J; in consequence, there are three planes of symmetry Ga; eac 
passing through the C, axis and perpendicular to one of the U axes (and thus bisecting the 


+ See M. E. Fisher and D. R. Nelson, Physical Review Letters 32. 1350, 1974. . : _ 
+ With the terminology described at the end of §37, it would be more correctly named “weak ferrimagnetis™ . 
For this, it is always necessary that the magnetic unit cell should be the same as the crystallographic one; © 


the end of §38. — - 
| The theory of weak ferromagnetism is due to I. E. Dzyaloshinski (1957). 
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angle between the other two). In the space group D$, the ca planes become glide planes 
with a translation of half a period along the trigonal axis. This gives an arrangement of the 
axes and centre of inversion in each unit cell as shown in Fig. 28. The vertical segment is 
one period along the trigonal axis (a spatial diagonal of the rhombohedral cell), whose 
length is arbitrarily taken as unity. The twofold axes pass through the points 3 and = 
The centre of inversion occurs at 0 and 5 (marked by crosses in Fig. 28). The vertical planes 
g, are not shown. 

In the antiferromagnets FeCO, and MnCO,, each unit cell contains two magnetic ions 
ipe* * or Mn++), which occupy positions at the equivalent points 0 and 4 on the trigonal 
axis. The exchange interaction establishes a magnetic structure in which the moments of 
these two ions are antiparallel. In FeCO, the moments of the Fe* * ions are along the 
tngonal axis (Fig. 29). It is easy to see that such a structure is invariant under all 
transformtions of the class D,,, and therefore does not allow ferromagnetism: the 
existence of a vector M along the trigonal axis is excluded by the presence of the U, axes, 
and of one in the basal plane by that of the C, axis. 

In the antiferromagnet MnCO,, the magnetic moments of the ions lie in the basal (xy) 
plane, which is perpendicular to the trigonal (z) axis (Fig. 30). If the moments lie in one of 
€ 0, planes, which we then take as the xz-plane, the magnetic structure has the symmetry 
elements (in addition to the unit element) U,™, I, 0%”, i.e. belongs to the magnetic class 
which coincides with the ordinary class C,,; it allows the existence of a vector M in the 
y-direction. If, on the other hand, the moments lie along one of the U, axes, which we then 
take as the x-axis, the magnetic structure has the symmetry elements U,R, I, oč? R, i.e. 
belongs to the magnetic class C,,(C,); it too allows the existence of a vector M in the y- 
direction. In either case, M arises from the turning of the moments of the two ions in each 
ünit cell to lie oppositely in the xy-plane (Fig. 31). 

Going on to a quantitative theory, we again define vectors M = M, +M, and L = 
—M,, where the suffixes 1 and 2 refer to the two magnetic sup lathees The unit vector 
E fre E cion of L is denoted by l. 

_ Let us consider the expansion of the thermodynamic potential ® (for H = 0) in powers 
; and I. The expansion in powers of M is permissible because this quantity is small in a 
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weak ferromagnet. The expansion of the anisotropy energy in powers of l is based, as 
usual, on the relative smallness of the relativistic interactions. There is thus no assumption 
of nearness to a second-order phase transition point (L small); the theory given here is 
therefore not subject to the limitations inherent in the Landau theory. 

The expansion terms must be invariant under all transformations in the group D$4. The 
first terms in such an expansion are 


D = Oo(L)+ BM? + DA- M} — 48M, —4yL21,2+CL(M,1,—M,l,), (50.1) 


where ®,(L) is a function isotropic with respect to L. The first two terms (after ®,) are of 
exchange origin; here B > 0 (otherwise, there would exist a spontaneous magnetization 
independent of the antiferromagnetism, i.e. the body would be an ordinary exchange 
ferromagnet). The next three terms are of the first order (~ v?/c?) in the relativistic 
interactions.f The last of these may be put in the form L¢ -M x1, where ¢ is a vector 
parallel to the z-axis. t 

It is obvious that all the terms in (50.1) except the last are invariant. To test the 
invariance of the last term, it is sufficient to do so with respect to the C, axis, one of the U, 
axes, and the inversion I. The invariance under rotations about the trigonal (z) axis is 
evident from the form which shows the z-component of M x}; here it is important that the 
rotations do not interchange atoms between different sub-lattices, so that M and I are 
transformed in the same manner. The invariance under inversion follows from that of M 
and I separately; for M this follows from its being an axial vector, for I we need also to note 
that in the structure considered the inversion interchanges atoms only within each sub- 
lattice. The transformation U,™ interchanges atoms with oppositely directed moments; 
under such a rotation, therefore, M,, M, > My, —M,;l,,l, > —1,,1,; and the invariance 
of M,l,— M,l, is obvious. 

We shall suppose that y < 0. Then the vector lis in the basal plane (l, = 0). Taking as the 
xz-plane the plane containing I, and minimizing ® with respect to M fora given L, we find 
for the ferromagnetic moment 


M, =0, M, = (C/2B)L,, M, = 0. (50.2) 


y y? 


Since |C| < B, M is in fact small. We see that the occurrence of weak ferromagnetism is due 
to the last term in (50.1), which is bilinear in M and |. The close relation between the 
direction of M and the antiferromagnetic structure is characteristic of weak ferromagnet- 
ism; in the present case, M is in the same basal plane and is perpendicular to L.§ 
When a field is present, the dependence of the magnetization on H is given by the 
conditions for a minimum of the thermodynamic potential ® = P — M - H — H? /87. The 
minimization ts to be effected with respect to the orientation of the structure in the basal 


+ The factors L? and L in the last two terms are written only in order to make all the coefficients in (50.1) 
dimensionless, and do not signify an expansion in powers of L. 

t The microscopic origin of such a term is due to the spin-antisymmetric interaction which occurs as a second- 
order effect in perturbation theory, the perturbation being the mixed terms bilinear in the exchange and 
relativistic spin-orbit interactions. See T. Moriya, in Magnetism (ed. by G. T. Rado and H. Suhl). Vol. 1. 
Academic Press, New York, 1963, p. 85. 

§ In the approximation corresponding to the thermodynamic potential (50.1), there is no magnetic anisotropy 
in the basal plane, and the direction of L in that plane remains arbitrary. Anisotropy in the basal plane, and 
therefore a particular orientation of L, occur only when higher-order terms (up to the sixth order) are taken into 
account. Terms then also come in which are mixed as regards the z and the x or y components of the vectors, so 
that the magnetic moments deviate from the basal plane by a small angle. 
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plane and with respect to the components of M. It is evident that, when the magnetic 
anisotropy in the basal plane is neglected, the magnetization rotates to a position such that 
its component M, in the basal plane is parallel to the field H,, and L is accordingly 
perpendicular to H,.t The minimization of ® with respect to M, and M, then gives 


M,=%H,, M, =x% (H +H), (50.3) 
where the susceptibilities are 
Xu = 1/(2B — P), xı = 1/2B (50.4) 
and 
Hy=(C1L (50.5) 


is the Dzyaloshinskii field, i.e. the “effective field” which determines the spontaneous 
magnetization of a weak ferromagnet. Since |f| < B, we have x, = x,. 

Another property of these substances is one which appears when a field H is applied, and 
is found near the point of transition to the paramagnetic phase. In the Landau theory, we 
expand the function ®,(Z) in this region in powers of L: 


D(L) = ©,(0)+ AL? +CL*. 


Let the vector L be in the positive x-direction. We take the particular case where ¢ > Of; 
then M is in the positive y-direction. The field H is assumed to be in that direction also. The 
thermodynamic potential is 


® = D, (0)+ AL? +CL*+ BM? —C€LM — HM — H?/87x; (50.6) 


near the Curie point, the expansion of the anisotropy energy in powers of the unit vector | 
becomes one in powers of L itself. In the absence of a field, M = €L/2B, and the expansion 


(50.6) becomes 
® = 0,+(A-—C?/4B)L?7 + CL*. 


The Curie point is given by the vanishing of the coefficient of L?; near this point, therefore, 
A—(*/4B = a(T-T,) 


(a > 0). The remaining coefficients are taken to have their values at T = T, (with C > 0). 
When the field is present, elimination of M from the equations 6@/¢L = 0, 6@/6M = 0 
gives the following equation for L: 


2CL3 +a(T—T,) L—CH/4B = 0. (50.7) 


This shows that the magnetic field blurs the phase transition in a weak ferromagnet, as in 
an ordinary one.§ The antiferromagnetic vector also is non-zero on both sides of 7,; the 





t Itis assumed here that D > 0; when D < 0, the presence of the term — | D| (1-M)? witha large coefficient | D| 
may have the result that | and H, are no longer at right angles. 

The neglect of the anisotropy in the basal plane imposes certain lower limits on the fields concerned. 

$ The sign of ¢ is arbitrary in the sense that it depends on the definition of L = M, — M, according to which 
magnetic atoms in the crystal are taken as the sub-lattices 1 and 2. But when the choice has been made in a given 
crystal the sign of ¢ is definite, and determines the direction of M with respect to that of Land the crystallographic 
axes. 

§ Equation (50.7) has the same form as (19.4) for a ferroelectric in an electric field and the corresponding 
equation for an ordinary ferromagnet in a magnetic field. 
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magnetic field creates antiferromagnetic order in the paramagnetic phase, thus removin 
the difference between the symmetry properties of the two phases (A. S. Borovik, 
Romanov and V. I. Ozhogin, 1960). When T > T., L decreases beyond a certain distanc 
from 7, according to 


L = (H/4aB(T -T). 


§51. Piezomagnetism and the magnetoelectric effect 


The phenomena of piezomagnetism and the magnetoelectric effect in antiferromagnet; 
are closely related to the magnetic symmetry. | 

Piezomagnetism is the occurrence of magnetization when elastic stresses are applied tof 
the crystal; it is analogous to piezoelectricity, and is represented by the presence in the} 
thermodynamic potential of the crystal of a term linear both in the field and in the elastic 
stress tensor: 

Dom = — Åi, u Hi ow (51.1) 
where À; x is a tensor symmetrical in the suffixes k and I; cf. (17.7). This term causes the 
induction B; = —4nôğ/ H; to contain a further term 47A; uou- Thus, when H =90, 
there is a magnetization linear in the stress: 


M; = Ài, kl O kr (51.2) 


Another manifestation of the same property is linear magnetostriction, 1.€. the 
occurrence of a strain linear in the field applied to the crystal: 


uy = — 6®,,,/6 Ou = Ai, u Hi (513 





Time reversal changes the sign of the field H (and of the magnetization M) while leaving 
the tensor dą unchanged; the thermodynamic potential must also remain unchanged. of 
course. The piezomagnetic tensor /; u therefore changes sign under time reversal. In turn. 
it follows that piezomagnetism is possible only in bodies having a magnetic structure: 
without this, their properties are invariant under the transformation R, and therefor 
Aza = —Ai, = 0. Piezomagnetism is possible in antiferromagnets belonging to certati 
magnetic symmetry classes which contain R only in combination with rotations 7 
reflections, or else do not contain R at all (B. A. Tavger and V. M. Zaitsev, 1956). $ 

The magnetoelectric effect consists in a linear relation between the magnetic and electi" 
fields in matter; it causes, for example, a magnetization proportional to the electric fie! 
present (L. D. Landau and E. M. Lifshitz, 1956). This effect is described by a term in the 
thermodynamic potential that is linear in both the magnetic field and the electric fe 


z A) 
®,,-¢ = — in Ei Ai (St 


m—e 
, l the 
where g, is an unsymmetrical tensor. When H = 0, the electric field generates in t 


substance a magnetization 51 
M, = % Ei, Og 


and when E = 0 the magnetic field generates an electric polarization 
P; = Oy, Ay (518 


Like piezomagnetism, the magnetoelectric effect is possible only for certain maer 
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metry classes; the magnetoelectric tensor «,, is odd under time reversal and zero in 
dies without a magnetic structure. Since E is a polar vector and H an axial one, Oig 1S 
yays zero if the crystal symmetry contains the inversion I; for the magnetoelectric effect 
exist, the inversion can occur only in the combination IR. 

















PROBLEMSt 


ROBLEM 1. Find the non-zero components of the piezomagnetic tensor in the antiferromagnet FeCO, 
h the structure shown in Fig. 29). 


OLUTION. As already mentioned in §50, the magnetic class of this structure is the same as the crystal class 
and does not contain the element R at all. The transformations of this class leave invariant the expression 








Õ pm = =A Nero.) id. = s Hi, | — A2 (Oxz e eT H,), 


-axis being along the threefold symmetry axis, and the x-axis along one of the horizontal twofold axes. (This 
ession for the class D, in the piezoelectric case has been found in §17, Problem 1; it remains valid in the 
magnetic case for the class D,, = D, x C; also, since the spatial inversion I leaves unchanged both the 
IF Cix Of rank two and the axial vector H.) The magnetization is therefore 


M, = 4, (Cx — TIEA a M,= —2A, Oxy + À2 Oxz- 
ROBLEM 2. The same as Problem 1, but for the magnetic class D,, (D>,).t 


LUTION. This class has the elements (besides the unit element) C,, 2C,R, 2U 2, 2U', R, I, C, 20,, 20’ ,, R; the 
tion is everywhere as in QM, §95. These transformations leave invariant the expression 


Ò pm T =å (0, Hro HI- AoH, 


axis being along the fourfold symmetry axis, the x and y axes along two horizontal twofold axes. The 
netization is therefore 


M,=A, Oyz M, =A, Oxz M, = 42 Oxy: 


OBLEM 3. Find the non-zero components of the magnetoelectric tensor for the antiferromagnet 
mium sesquioxide (Cr,O,). This crystal belongs to the space group D$, (see §50) and contains in each unit 
our chromium atoms at the equivalent points u,ł—u,ġ +u, 1—u (u < 4) onthe trigonal axis: their magnetic 
lents are along this axis (Fig. 32). 


Fic. 32 


The examples given below are due to I. E. Dzyaloshinskii (1957, 1959). 


The antiferromagnets manganese difluoride (MnF,) and cobalt difluoride (CoF,) are of this type. 
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SOLUTION. The antiferromagnet in question belongs to the magnetic class D34 (D3), which contains the 
elements 2C,, 3U, IR, 28,R, 304R. These transformations leave invariant the expression 


~~ 


Pn- 


m—e 


= —a,E,H,—a, (E-H; +EH}: 


the z-axis being along the trigonal axis; the non-zero components are therefore ayy = Ayy = %1, Azz = Op- 


§52. Helicoidal magnetic structures 


A special category of magnetic structures consists of those in which the periods of the 
“magnetic lattice” are incommensurate with the periods of the original crystal lattice. 
Various mechanisms are possible for the formation of such structures; here we shall 
consider one mechanism noted by I. E. Dzyaloshinskii (1964), which allows a simple 
formulation in macroscopic terms. This will be done for a specific example, that of a crystal 
of the cubic class 7, in which the exchange interaction alone would give a purely 
ferromagnetic order of the magnetic moments (V. G. Bar’yakhtar and E. P. Stefanovskii, 
1969).+ 

For the structure in fact to exist, it must be stable under small perturbations which 
remove the macroscopic spatial uniformity of the crystal. This condition has been tacitly 
assumed to be satisfied throughout the discussion up to now. The additional non- 
uniformity energy resulting from the perturbation was given by (43.1); since this is positive 
definite, the necessary stability does exist. 

The expression (43.2) was derived in §43 as the first non-vanishing term in the expansion 
of the non-uniformity energy in a cubic crystal in powers of the derivatives of the 
magnetization M. There, however, we were concerned only with the energy of exchange 
origin. It was also noted that the crystal symmetry may allow the existence of non- 
exchange (relativistic) terms containing products of the derivatives CM;/0x, and the 
components M; for this to occur, the symmetry must not include a centre of inversion. The 
crystal class Tis sucha class; it allows the existence of a term of the form M - curl M that is 
invariant under the symmetry operations in it. The non-uniformity energy thus has the 
form 


non-u 


— yM -curl M +4 a [ (grad M,)? + (grad M}? + (grad M,)*}. (52.1) 


The condition a > 0 does not here guarantee the stability of the uniform state. 

We must take into account, however, the fact that the first-order term in the derivatives 
in (52.1) contains an extra small factor (~ v?/c?) in comparison with the second-order 
term, because of its relativistic origint; this means that y < «/a, where a is the lattice 
constant. It is thus possible to find a new stable state while remaining within the range of 
validity of the expansion (52.1): the simple ferromagnetic structure is distorted in a non- 
uniform manner, but only over distances much greater than a, so that the derivatives 
remain small. 

The value of M is determined by the basic exchange interactions (which are not related 
to the non-uniformity). The “large-scale” structure is determined by the minimization of 





+ Manganese silicide (MnSi) and iron germanide (FeGe) crystals are of this kind, with magnetic ions Mn and 
Fe which belong to the space group 7%, with a simple cubic Bravais lattice. 

t The first term in (52.1) is not invariant under a simultaneous equal rotation of the vectors M at every point in 
space; it does not satisfy the condition stated in the second footnote to §43. 

The relativistic terms may also occur as quadratic ones; for example, cubic symmetry allows a term of the form 


ba [(0M,/2,) + (6 M,/eyy + (6 M,/62z)"]. 
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the energy (52.1). For a given M, this structure consists in a slow change in the direction 
of M.t 


We seek M(r) as a periodic function 
Mir) = a (meik: + m*e-— ikt); (52.3) 
2 , i 


if M? = M? is constant, the square of the complex unit vector m (m -m* = 1) must be 
zero: m? = 0. Such a vector may be expressed as m = (m; + im,)/./ 2, where m, and m, 
are two mutually perpendicular real unit vectors. Then 


M(r) = M (m; cos k-r—m, sin k-r). (52.3) 
Substitution of (52.2) in (52.1) gives 
U onu = iM? y k -m x m* +4 a M? k?” 


= M? yk em; xm, +40 M? k’. 


This expression has a minimum as a function of k if the vectors k and m, Xm, are collinear 
(parallel if y < 0 and antiparallel if y > 0) and 


k = y/a <1/a. (52.4) 


Thus the presence of a small additional term in U sonw linear in the derivatives, causes 
the occurrence of a helicoidal magnetic structure superimposed on the basic ferromagnetic 
structure: the magnetic moments of the atoms lie in planes perpendicular to the direction 
of k, and the directions of the moments rotate slowly in successive layers of atoms. The 
ends of the atomic moment vectors on a straight line parallel to k form a helix. The pitch 
2n/k of the helix is the period of the superlattice; it is large in comparison with the 
crystallographic periods, and is in general incommensurate with them.f Phases having 
structures of this type are said to be incommensurate. 

In the approximation considered here, the direction of k relative to the crystallographic 
axes remains indeterminate. It is determined by the minimization of the sum of the 
anisotropy energy (40.7) and the relativistic part of the non-uniformity energy. We shall 
not pause to discuss this topic. 


+ To avoid complications having no fundamental significance, we assume that U non-u is much less than U exch 
(so that M is determined only by the latter), but is also much greater than the relativistic anisotropy energy U aniso 
(so that the latter may be neglected in determining the change in the direction of M). These conditions may be 
satisfied in the neighbourhood of the Curie point, neither too close to it to satisfy the first inequality nor too far 
from it to satisfy the second. We shall not pause to set out the explicit limits of this range. 

+ The situation discussed here is exactly analogous to that in cholesteric liquid crystals (see SP 1, § 140). In 
these, the presence of a term n- curl nin the energy (where nis the “director” unit vector of the crystal) again leads 
to the occurrence of a helicoidal structure. 
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CHAPTER VI 


SUPERCONDUCTIVITY 


§53. The magnetic properties of superconductors 


At TEMPERATURES close to absolute zero many metals enter a peculiar state whose 
most striking property, discovered by Kamerlingh Onnes in 1911, is what is called 
superconductivity, i.e. the complete absence of electric resistance to a steady current. 
Superconductivity first occurs at a definite temperature for each metal, called the 
superconductivity transition point, which is a second-order phase transition point. 

From the standpoint of phenomenological theory. however, the change in the magnetic, 
not the electrical, properties is more fundamental as regards the transition to the 
superconducting state; as we shall see, the change in its electric properties is an inevitable 
consequence of its magnetic properties. 

The magnetic properties of a superconducting metal can be described as follows. The 
magnetic field does not penetrate into the superconductor; since the mean magnetic field in 
the medium is, by definition, the magnetic induction B, we can say that throughout a 


superconductor 
B=0 (53.1) 


(W. Meissner and R. Ochsenfeld, 1933). This property holds whatever the conditions under 
which the transition to the superconducting state occurs. For example, if the metal is 
cooled in a magnetic field, then at the transition point the lines of magnetic force cease to 
enter the body. 

However, it should be mentioned that the equation B = 0 is not valid in a thin surface 
layer. The magnetic field penetrates into a superconductor to a depth large compared with 
the interatomic distances and usually of the order of 1075 cm, but depending on the metal 
concerned and on the temperature. For the same reason, the equation B = 0 does not hold 
at all in thin films of metal or small particles whose thickness or dimension is of the order of 
the penetration depth. 

In what follows, we shall consider only thick superconductors, and neglect the 
penetration of the magnetic field into a thin surface layer. 

As we know, the normal component of the induction must be continuous at any 
boundary between two media; this condition follows from the equation div B = 0, whichis 


+ We shall not give here the theory of phenomena related to the depth of penetration of the magnetic field into 
the superconductor (the Londons’ theory and the Ginzburg-Landau theory). Although these are macroscopic 
theories. the quantities which appear in them have a clear significance only in relation to the microscopic theory. 
These theories are dealt with in SP 2. 

It must also be emphasized that the present chapter is concerned with “type I” superconductors, which include 
the metallic elements and stoichiometric compounds. Ina “type IY” superconductor (including the superconduct- 
ing alloys) the Meissner effect is fully seen only in fairly weak fields. A sufficiently strong field penetrates intoa 
type II superconductor without completely destroying its superconducting properties (see SP 2, Chapter 5). 
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iversally valid. Since B = 0 in a superconductor, the normal component of the external 
id must be zero on the surface, i.e. the field outside a superconductor must be everywhere 
ential to its surface, the lines of magnetic force having the surface as their envelope. 
Using this result, we can easily find the forces acting on a superconductor in a magnetic 
d. As in §5 for an ordinary conductor in an electric field, we calculate the force per unit 
face area as o,,n,, where op = (H,H, — 4H76,,)/4n is the Maxwell stress tensor for a 
magnetic field in a vacuum. Since in the present case n-H, = 0, where H, is the field just 
‘putside the body, we find 

| F, = —H,*n/8z, (53.2) 


Ye the surface is subject to a compression, of magnitude equal to the field energy density. 
ccording to equation (29.4) 
curl B = 4zpv/c, (53.3) 

























"from the equation B= 0 it follows that the mean current density is also zero 
tywhere inside the superconductor. That is, no macroscopic volume currents can flow in 
Iperconductor. It should be emphasized that in a superconductor the conduction 
ent cannot meaningfully be isolated from pV as it can in an ordinary conductor. For the 
reason the magnetization M, and therefore H, have no physical significance here. 
hus any electric current which flows in a superconductor must be a surface current. The 
face current density g is given, according to (29.16), by the discontinuity in the tangential 
ponent of the induction at the boundary of the body. Since B =O inside the 
erconductor. and B = H outside it. we have 


g = cn x H,/4r. (53.4) 


presence of surface currents is not peculiar to superconductors. Similar currents can 
ar in any magnetized body, and their density is g = cn X (H,— B)/47. Since the 
sential component of H = B/j is continuous on the surface of a normal (not 
erconducting) body, we have n x H, = n x B/p, and so the expression for g can be 
ten 


J 


‘fundamental difference between superconductors and other bodies. however. appears 
m we consider the total current through a cross-section of the body. In a non- 
€tconductor the surface currents always balance, and the total current is zero. This is 
1 from the condition (53.5) which relates the current density g to the magnetic induction 
de the body, and so to the current g at every point on the surface. In superconductors, 
vever, the condition (53.5) has no meaning. For the transition from the ordinary state 
th magnetic permeability x) to the superconducting state corresponds formally to the 
it B—(0 and „>Q simultaneously. The right-hand side of (53.5) then becomes 
terminate, and there is no condition which restricts the possible values of the current. 
{hus we have the result that the currents flowing on the surface of a superconductor may 
Ount to a non-zero total current. Of course, this can occur only in a multiply-connected 
ly (a ring. for example), or in a simply-connected superconductor forming part of a 
sed circuit which includes also a source of the electromotive force needed to maintain 
Currents in the parts of the circuit which are not superconducting. 
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It is very important to note that a steady flow of current on a superconductor is possible 
even if no electric field is present. This means that no dissipation of energy occurs, whose 
replacement would involve work being done by an external field. This property of a 
superconductor may also be described by saying that it has no electric resistance, a result 
which is thus a necessary consequence of its magnetic properties. 


§54. The superconductivity current 


Let us consider in more detail some properties of superconductors which depend on 
their shape. 

If a superconductor is a simply-connected body, then no steady distribution of surface 
currents on it can exist in the absence of an external magnetic field. This can be seen as 
follows. The surface currents would produce in the surrounding space a static magnetic 
field vanishing at infinity. Like any static magnetic field in a vacuum, this field would havea 
potential ¢, and by the boundary conditions on the superconductor the normal derivative 
0¢/0n would vanish at the surface. We know from potential theory, however, that if 
0¢/0n = Oon the surface of a simply-connected body and at infinity, then ¢ is a constant in 
all space outside the body. Thus a magnetic field of this kind cannot exist, and therefore 
neither can the assumed surface currents. 

An external magnetic field, on the other hand, causes currents to flow on the surface of a 
simply-connected superconductor, and these currents can be observed through the 
appearance of a magnetic moment of the whole body. This “magnetization” is easily 
calculated for an ellipsoidal superconductor.t 

Let § be the external field, parallel to one of the principal axes of the ellipsoid. The 
relation (1 —n)H+nB = $H holds for the magnetic field H inside a non-superconducting 
ellipsoid, n being the demagnetizing factor for the axis in question (see (29.14)). In a 
superconductor there is no physical “field” H, as we have already shown, and so the 
magnetization M = (B—H)/4z also lacks its usual significance. Nevertheless, it is here 
convenient to introduce H and M as formal auxiliary quantities in the calculation of the 
total magnetic moment M = MV (V being the volume of the ellipsoid), which retains its 
usual physical meaning. Putting B = 0 in the superconducting ellipsoid, we find 


H = §/(1—n7), (54.1) 
and 
M = —-VH/4n = —V §/4n(1 — 2). (54.2) 


In particular, for a long cylinder in a longitudinal field n = 0, so that H = $ and M 
= —V$/4z.t These values of M are the same as would be found if the body had a 
diamagnetic volume susceptibility of — 1/4z. 

The magnetic field H, just outside the ellipsoid is everywhere tangential to it, and so its 
magnitude can be determined at once from the condition that the tangential component of 
H be continuous. Within the ellipsoid H = §/(1 — n); taking the tangential component, we 


+ In the present section we always assume that the magnetic field does not exceed the value at which 
superconductivity ceases (see §55). 

t These relations for a cylinder follow immediately from the continuity condition on H, and are therefore valid 
for a cylinder of any cross-section, circular or otherwise. 
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have 
(1—n)H, = Hsin8, (54.3) 


where 0 is the angle between the direction of the external field $ and the normal to the 
surface at the point considered. The greatest value of H, occurs on the equator of the 
ellipsoid, and is §/(1—n). 

It may be pointed out once more that there is no fundamental difference between the 
currents which cause the “magnetization” of a superconductor and those which produce 
the total current in it: their physical nature is the same. This important fact makes possible, 
in particular, an immediate determination of the gyromagnetic coefficients for any 
superconductor. The momentum density of the electrons which form the “magnetizing” 
currents differs from the current density only by a factor m/e, e and m being the charge and 
mass of the electron. From the definition of the gyromagnetic coefficients (see (36.3)) it 
follows at once that for a superconductor gip = dj. 

Let us now consider multiply-connected superconductors. Their properties are very 
different from those of simply-connected ones, mainly because it is no longer true that a 
steady distribution of surface currents is impossible in the absence of an external magnetic 
field. Moreover, the surface currents need not balance out, and may result in a steady total 
superconductivity current on the body, even if no external e.m-f. is applied. 

Let us consider a doubly-connected body (i.e. a ring), with no external magnetic field. We 
shall show that the state of such a body is entirely determined if the total current J on it is 
given. The problem of determining the field of the ring can again be solved as a problem of 
potential theory, but the potential ¢ is now a many-valued function, which changes by 
4nJ /c when we go round any closed path interlinked with the ring (cf. §30). In order to 
state the problem in mathematically precise terms, we must draw some open surface which 
spans the ring. Then the problem is to solve Laplace’s equation with the boundary 
conditions 0¢/én=0 on the surface of the ring, @=O0 at infinity, and 
¢,—, = 4nJ/c onthe chosen surface, where ¢, and @, are the values of the potential on 
the two sides of that surface. Such a problem is known from potential theory to have a 
unique solution, which does not depend on the form of the chosen surface. From the field 
near the surface of the ring, we can in turn uniquely determine the surface current 
distribution. 

The self-inductance of a superconducting ring is entirely determinate together with the 
current distribution. Here there is a marked difference from ordinary conductors, where the 
current distribution, and therefore the precise value of the self-inductance, depend on the 
manner of excitation of the current (§34).+ 

In §33 we introduced the concept of the magnetic flux ® through a linear conductor 
circuit, and showed that ® = LJ/c, where L is the self-inductance of the conducting circuit. 
For a superconducting ring, the magnetic flux is meaningful for any thickness, not 
necessarily small, of the ring. For, since the magnetic field is tangential, the magnetic flux 
through any part of the surface of the ring is zero; the magnetic flux through every surface 


+ The self-inductance of a superconducting ring with radius b, made of wire whose cross-section is a circle with 
small radius a, is the same as the external part of the inductance of a non-superconducting ring, namely 
L = 4nb [log(8b/a) — 2]; see §34, Problem 2. The exact solution of the problem of a current in a superconducting 
circular ring was first given by V. A. Fok, Physikalische Zeitschrift der Sowjetunion 1, 215, 1932. 
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spanning the ring is therefore the same. Moreover, the formula 
Q= D] (54.4) 


remains valid. the self-inductance L being again defined in terms of the total energy of the 
magnetic field of the current. The total energy of the magnetic field of the superconductor 
is given by the integral f (H? /87)d V, taken over all space outside the body. Again spanning 
the ring by a surface C, we can use the field potential and write 


| H? dV /8x = — | H-grad ġ dV /87 
=f ddivH dV /8n — $H,¢df /8r. 


The first term is zero, because div H = 0. The surface integral is taken over an infinitely 
remote surface, the surface of the ring, and the two sides of the surface C. The first two of 
these give zero, so that 


| H? dV /87 = Haba 01) Af 


C 
= (J/2c) n, df = J®/2c. 
C 


where ® is the magnetic flux through the surface C. Comparing this with the definition of 
the self-inductance, we have J®/2c = LJ? /2c*, which gives (54.4). 

If the ring is in an external magnetic field, the total magnetic flux ® is composed of the 
flux LJ/c and the flux ®, of the external field. A very important property of 4 
superconducting ring is that, even if the external field and the current vary, the magnetic 
flux through the ring remains constant: 


LJ/c+@®, = ®o, a constant. (54.5) 


This follows immediately from the integral form of Maxwell’s equation in the space 
outside the body: 
c 


If the integration on the left-hand side is taken over a surface C which spans the ring, thé 
contour of integration on the right-hand side is a line on the surface of the ring. On the 
surface of a superconductor, the tangential component of E is zero (since E = 0 inside # 
superconductor and E, is continuous on the surface). Hence the right-hand side is zero, 4” 
therefore d®/dt = 0. 

The relation (54.5) gives the variation of the current in the ring when the external a 
changes. For example, if the ring is made superconducting in an external field with flux *0' 
which is then removed, a steady current J = c®,/L flows im the ring. 

The constancy of the magnetic flux through a superconducting ring holds not only whe" 
the external field changes but also when the shape of the ring Or its position in space E 


4 


^ | = 
L| 


field 
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altered.+ An intuitive statement of this result is that the lines of force can never intersect the 
surface of the superconductor, and so cannot escape from the aperture of the ring. 

The above results can be immediately generalized to the case of multiply-connected 
superconducting bodies, including sets of rings. The state of an n-ply connected system in 
the absence of an external field is completely determined by the n — 1 total currents J,. The 
relation (54.5) becomes the system of equations 


Y Lap Jp +B, = Dio. (54.6) 
b 


These equations hold, not only for any external field, but also for any change in shape or 
relative position. 


PROBLEM 


Determine the magnetic moment of a superconducting disc in an external magnetic field perpendicular to its 
plane.t 
SOLUTION. The problem of a superconductor in a static magnetic field is identical with the electrostatic 


problem of a dielectric with permittivity € = 0. Regarding the disc as the limit of a spheroid as c — 0 (cf. §4, 
Problem 4), and using (8.10), we find with appropriate change of notation (the field § being along the z-axis) 


M= —2a° §/3x. 


§55. The critical field 


Acylindrical superconductor ina longitudinal magnetic field has an additional magnetic 
energy ~4$)°.M = H V/8n. For a non-superconducting cylinder, on the other hand, the 
total energy would be almost unchanged when the external field was applied (we shall 
neglect the slight diamagnetism or paramagnetism of a non-superconducting metal, Le. 
take u = 1). Thus it is clear that, in sufficiently strong magnetic fields, the superconducting 
state must be thermodynamically less favourable than the normal state, and so the 
superconductivity must be destroyed. 

The value of the longitudinal magnetic field at which the superconductivity of a 
cylindrical body is destroyed depends on the metal concerned and on the temperature (and 
pressure). This value is called the critical field H,,, and is one of the most important 
characteristics of a superconductor. § 

When the critical field is reached, the superconductivity 1s destroyed throughout the 
cylinder, because of the uniformity of the field over the surface. In bodies of other shapes, 
however, the destruction of superconductivity is a more complex process, in which the 
volume occupied by matter in the normal state gradually extends as $ increases over some 


range (§56). 


t This statement follows at once from the relation between the induced e.m.f. and the change in the magnetic 
flux through the circuit when it is moved (§63). 

t We consider this problem principally with a view to using the result elsewhere (see §95, Problem 2). For a 
superconducting disc the magnetic fields must in reality be very weak, since its superconductivity is very easily 
destroyed (see §55). 

§ There is a sharp transition between the superconducting and normal states only in type I superconductors 
(see the footnote to §53), which are the only ones considered here. In type II superconductors, the destruction of 
superconductivity and the penetration of the magnetic field occur gradually over a fairly wide range of fields, so 
that there is no critical field in the sense here defined. 
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Thus, at any temperature below the transition point, the metal can exist in either the 
superconducting or the normal state, denoted by the suffixes s and n respectively. Wy, 
denote by ¥,.(V,7) and ¥,(V, T) the total free energies of the superconducting ang 
normal body in the absence of an external magnetic field; these quantities depend on the 
substance concerned and on the volume, but not on the shape, of the body. The free energy 
in the normal state does not change when the external field is applied, and so we omit the 
suffix 0 in F „o.t In the superconducting state, however, the magnetic field considerably 
affects the free energy. 

For a superconducting cylinder, with given V and T, the free energy in a longituding| 
external field $ is 

F= F (V, T)+ HV /8n. (55i 


From this we can derive all the other thermodynamic quantities. Differentiating (55.1) with 
respect to the volume, we find the pressure on the body: 


P = Pa (V, T)— 9° /87, (55.2) 


where P, (V, T )is the pressure (for given V and T ) in the absence of the field. The equation 
(55.2) gives the relation between P, V and T, ie. it is the equation of state for a 
superconducting cylinder in an external magnetic field. We see that the volume V (P, T)in 
the presence of the magnetic field is the same as the volume with no magnetic field buta 
pressure P + §7/8z. This result accords, of course, with formula (53.2) for the force on the 
surface of a superconductor in a magnetic field. 
The thermodynamic potential of the superconducting cylinder is go, = F ,+PV 
= F o(V,T)+ PoV, the volume V being expressed in terms of P and T by (55.2). Hence we 
can write 





H? 
PA (P,T) = Pol PZT } (55.3) 


8r ` 
where e,o (P, T) is the thermodynamic potential in the absence of the field. Differentiating | 
this equation with respect to T and to P, we obtain analogous relations for the entropy and | 
the volume: 


2 | 
SF (PT) = afpa r) (554 
87 

G2 


We can now write down the condition which determines the critical field. The tran 
of the cylinder from the superconducting to the normal state occurs when go, becomes € 


than gp, (for given P and T). At the transition point we have go, = Ym 1. 
(55.6) 





H 2 
wo( P+ F T) = enAP.T) 


mee . s ; "O 
This is an exact thermodynamic relation.§ The change in the thermodynamic potentia 


; xis! 
+ By definition, the “total” quantities ¥ and go do not include the energy of the magnetic field that would é 
in the absence of the body. 
t Here defined as in §12. Bi ihe 
§ We give here calculations more accurate than is usually necessary, SO as to exhibit more clearly 
interrelation between the various thermodynamic quantities. 
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e magnetic field is usually a small correction to go.o(P,T). We can then expand the left- 
nd side of equation (55.6) in series, taking the first two terms: 


H 2 
P.o(P,T) += VolP, T) = gp, (P.T), (55.7) 












ere VolP, T) = Oge.o(P, T)/OP is the volume of the superconducting cylinder in the 
sence of the field. Thus, in this approximation, we can say that the thermodynamic 
ential per unit volume is greater by H,,”/8z in the normal state than its value in the 
erconducting state. 

We denote by Tor = 7,,(P) the transition temperature in the absence of the magnetic 
d. The transition concerned is a second-order phase transition. Hence, in particular, 
{7 ) must tend continuously to zero at T = Tą. We know from the general theory of 
ond-order phase transitions} that the change in the thermodynamic potential near the 
asition point is proportional to the square of 7 —T,,. We can therefore deduce from 
7) that the critical field in this temperature range varies as the temperature difference 
E. 

E: 


Ha = constant x (T,, —T). (55.8) 


ifferentiating both sides of equation (55.6) with respect to temperature (for given 
sure), remembering that H,, is a function of T, and using (55.4), (55.5), we have 


ô (H? 
=F = |) Sa 55.9 
PRS el z } (55.9) 


e all the quantities Y,, Y,, V, are for the point of transition between the two states of 
body (i.e. for H = H,,). Multiplying by T, we obtain the heat of the transition: 





4n oT 


H. Keesom, 1924). When the transition occurs at T = Tx (e. in the absence of the 
metic field), the quantity Q vanishes with H,,, in accordance with the fact that we have a 
md-order phase transition. A transition at T < Tor (in a magnetic field) involves 
orption or evolution of heat, i.e. it is a first-order phase transition. In practice, H,, 
fases monotonically with decreasing temperature throughout the range from T to 
>. Hence the derivative H/T is always negative, and we see from (55.10) that Ọ > 0, 


I 


neat is absorbed in the (isothermal) transition from the superconducting to the normal 


Q=T(S,-f)=- (Geet ( OH ce ) (55.10) 
P 









; 1-0, the entropy of the whole body must vanish, by Nernst’s theorem. Hence 
Hows from (55.9) that @H,,/éT = 0 for T = 0. i.e. the curve of H,,(7 ) intersects the 
axis at right angles. 


f may differentiate the difference ¥, — Ss (55.9) again with respect to temperature, 
again use equations (55.4), (55.5). Since also (CS/CP),; = —(eV/éT)>, the result is 


aS CS, y 8? az )-2% ô nee ar, | 2 (H2\P 
ôr fF ‘*éf?\ 8r CT CT\ 8r FRES 


(55.11) 











‘Or the superconductivity transition, the Landau theory may 


E nsiti be regarded as valid with no practical 
tions, up to the transition point itself; see SP 2, §45. 
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Multiplying both sides of this equation by 7, we obtain the difference of the specific heay 
(at constant pressure) of the two phases. The terms involving the thermal-expansig, 
coefficient and the compressibility are usually very small in comparison with the remaining 
terms; neglecting them, we have 


VT 07H VT (oH... \’ 
Ce en SFT eee, S ZELAA 5 
e a a ee ( aT ) (55.1 





This formula could also be obtained by direct differentiation of the approximate relation 
(55.7). In this approximation the difference between V, and V9, and between ©, and ¢ 
may be neglected. 

For T = T,,, the first term in (55.12) is zero, and we obtain the following formula, which 
relates the change in specific heat in the second-order phase transition (in the absence of ap 
external magnetic field) to the temperature dependence of Ha: 


EEEE: PA 
G.—-¢,= Te ( = (55.13) 








(A. J. Rutgers, 1933). Hence we see that in this case @, > @,,. As the temperature falls, Le. 
when the superconductivity is destroyed by the magnetic field, the difference 6,- 4, 
changes sign. because the difference S, — /, is zero for T = 0 and for T = Tor, and mus! 
have a maximum in between. 

Wecan similarly discuss effects related to the change in volume in the transition. To do 
so, we differentiate equation (55.6) with respect to pressure (for given temperature), Hg 
being a function of P. This gives 


V =V : p+ He 
HESAP 87 


V5 Vee V Ho 0H, (55.14 
a ae 4x OP 

which determines the change in volume at the transition point.t For 7 = Ta this differen 
is zero, like the entropy difference. The transition at temperatures T < Ter, however, $ 
accompanied by a change in volume, which may be of either sign, depending on the sign 
the derivative (GH,, /OP),. For T = Tą there is no change in volume, but the compressibibil 
is discontinuous; the discontinuity is easily found by differentiating equation (55.14). I 
may be noted that, if we substitute in (55.14) 


dH, _ _ (Ha \ (3T 
ôP jh ôT ]p\ OP ja 
(obtained by differentiating the equation He(P,T)= constant), we obtain 


Clapeyron-Clausius equation ` 
OP \ ae (55° 
Tj ee 


à s ae ft 
+ This difference must of course be distinguished from the change in volume (magnetostriction) ; j 
superconductor when the field changes from zero to Her- This can be found from (55.5): v, (P, T)— Vso 
= (Her /87) (V, /2P yr- 





Or 















th 
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| 
jere the derivative (CP/cT),,_ defines the change in pressure needed to keep the applied 


ernal field critical when the temperature changes. 

The physical significance of the critical field H,, is much wider than would appear from 
definition in terms of the behaviour of a superconducting cylinder. The equation 
= H,, is a condition of equilibrium which must be fulfilled at every point of a surface 
rating normal and superconducting phases in the same body. This is evident from the 
lowing simple arguments. If a cylinder is in a longitudinal magnetic field H,,, then both 
‘boundary conditions on the magnetic field and the conditions of thermodynamic 
bility are satisfied for all states in which an interior cylindrical part is in the 
yerconducting state and the rest of the body is in the normal state, and the field at the 
indary between these parts is Ha. Thus the surface of separation, on which H = H, is 
jeutral equilibrium with respect to its location. This is a characteristic property of phase 
librium. 

1 a variable magnetic field, the boundary between the superconducting and normal 
ses changes its position. The kinetics of this process is very complex, and its discussion 
Wires a simultaneous solution of the equations of electrodynamics and of thermal 
duction, taking into account the heat evolved in the phase transition. We shall not 
s€ to Carry out this investigation,t but merely give the boundary condition which must 
atisfied at the moving boundary between the normal and superconducting phases. 
© derive this condition we take a coordinate system K’ moving with the velocity v 
ne boundary between the phases. By the formulae for transformation of fields, the 
tric field E’ in the system K’ is related to the fields E and B in a fixed system K by 
=E+vXB/c; see (63.1). Since the boundary is at rest in the system K’, the usual 
dition of continuity of the tangential component of E’ holds, i.e. nx E’ = n x E—vB/c 
t be continuous, where n is a unit vector normal to the surface, in the direction of the 
city v. In the superconducting phase E = B = 0, and in the normal phase B = H,, at 
boundary. We therefore find that a tangential electric field appears on the moving 
indary, its direction being perpendicular to that of the magnetic field and its magnitude 
ng 





E =vH,,|c. (55.16) 


The intermediate state 


‘a Superconducting body of any shape is in an external magnetic field $ which is 
dually increased, a stage is finally reached where the field at some point on the surface of 
body becomes equal to the critical field Hx, but § itself is still less than H,,. For 
4 ple, on the surface of an ellipsoid placed in a field § parallel to one of its axes, the 
atest value of the field occurs on the equator (see (54.3)), and is equal to H,, when 
: A, (1 n). 

Vhen § increases further, the body cannot remain entirely in the superconducting state. 


r can it pass entirely into the normal state, because then the field would become § 
Ywhere. Hence the superconductivity must be lost only in part. 


t first sight one might imagine that this process occurs as follows. As H increases, the 


See I. M. Lifshitz, Zhurnal éksperimental not i teoreticheskoi fiziki 20, 834, 1950; Doklady Akademii Nauk 
X 90, 363, 1953. 
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superconductivity is lost in a gradually increasing part of the body, while a gradual}, 
decreasing part remains superconducting, and the whole body becomes normal whe, 
§ = H,,. It is a easy to see, however, that such states of the body are thermodynamical) 4 
unstable. On the surface separating the superconducting and normal phases the magnetig | 
field is, as we know, tangential to the surface, and its magnitude is H,,. That is, the lines gf | 
force are on the surface. If the boundary is convex to the normal phase, the equipotentig 
surfaces of the field, being at right angles to the lines of force, will diverge into the normy 
region, as shown by dashed lines in Fig. 33a. The field decreases, however, in the direction f 
in which the equipotential surfaces diverge, so that we should have H < H,, in the shadeg i 
region, contrary to the supposition that this region 1s in the normal state. If, on the othe 
hand, the boundary of the superconducting phase is concave, then the lines of force on tha 
boundary must have a bend on the free surface of the superconducting region, to which the 
field is tangential (at the point O, in Fig. 33b). Ata bend in a line of force, however, the field 
becomes infinite. which again contradicts the boundary conditions at the surface of the f 
superconductor. | 





(a) (b) 


Fic. 33 









The above arguments represent essentially another form of the situation which leads" 
the domain structure of ferroelectrics and ferromagnets. Here also the conditions ° 
thermodynamic stability have the result that. if the magnetic field reaches the value Ha“ 
even one point on the surface, the body is divided into numerous parallel alternating thit 
layers of normal and superconducting matter (L. D. Landau, 1937). This state of the 
superconductor is called the intermediate state. As $ increases, the total volume oft 
normal layers increases, and when $) = H,, the body becomes entirely normal. 

In general, a body of arbitrary shape need not be entirely in the intermediate state. Thet | 
may also be regions in the purely superconducting and purely normal states; these must l 
separated by the region which is in the intermediate state. A simpler case is the ellipS° 


already considered. In a field parallel to the axis the intermediate state occurs in the rar 
i 
(56." 


and the whole volume of the ellipsoid is in this state. For a sphere (for example), n = 5 -i 
the intermediate state exists in the range 2Ha < § < Ha. Fora cylinder in a transi | 
field, n = 1, and the corresponding range is Ha < $ < Ha. For a cylinder a f 
longitudinal field, n = O; there is no intermediate state, and the superconductivity 1S tot | 
destroyed at § = Ha. Finally, for a fiat plate in a transverse field n = 1, and it is 1" 


intermediate state for any field H < Her- 


H.d1—"n < H< Ha, 


| 
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The intermediate state can also be described in an averaged manner if the thickness of 
the regions under consideration is large compared with the layer thickness (R. E. Peierls, 
and F. London, 1936). In this description it is assumed that there is inside the body a 
magnetic induction B which varies from zero in the purely superconducting state to H,, in 
the purely normal state. If we ascribe a non-zero induction to the matter in the intermediate 
state, we must also ascribe to it a definite magnetic “field” H. To determine the relation 
between these quantities, we must consider the true structure of the intermediate state. 

The magnetic field in a normal layer at its boundary with a superconducting layer is Ha, 
and by virtue of the assumed smallness of the layer thickness we can suppose that the field 
has this value everywhere in the normal layers. In the superconducting layers B = 0. Hence, 
averaging the magnetic field over a volume large compared with the layer thickness, we find 
that the mean induction B = x,H,,, where x, is the fraction of the volume that is in the 
normal state. Next, we determine the thermodynamic potential per unit volume of the 
body, taking as zero the value for the purely superconducting state. In the absence of a 
magnetic field, unit volume of the normal phase has an excess thermodynamic potential 
H,,?/82.t When a magnetic field is present, a further H,,7/87 is added as magnetic energy, 
giving altogether H,,7/4x. The mean thermodynamic potential per unit volume in the 
intermediate state is therefore 


® = x,H,?/4n = H,.B/4n. (56.2) 


T 


The relation between B and H is obtained from the general thermodynamic relation 
H = 4x0@/CB. In the present case we find that H is parallel to B and its magnitude is 


H = H, (56.3) 


Le. it is independent of the induction. 

If the relation between B and H is shown graphically (Fig. 34), then the segment OA of 
the axis of abscissae corresponds to the superconducting state, and the line BC (B = H) to 
the normal state. The vertical line AB (H = H.,) corresponds to the intermediate state. 

Let n be a unit vector in the direction of the lines of force of the averaged magnetic field. 
Putting H = H,,nand substituting in the equation curl H = 0 (which holds in the absence 
of a volume current), we find that curln = 0. Since n? = 1, we have 


grad n? = 2(n-grad)n+ 2n x curl n = 0, 


8 C 
8 
O A H 
Fic. 34 


+ Here we neglect all magnetostriction effects. Instead of the change in the thermodynamic potential we could 


therefore speak of the (equal) change in the free energy. 
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and therefore (n-grad)n = 0. This means that the direction of the vector n is constant. 
Thus the lines of force of the mean field are straight lines. 

Let us apply these results to an ellipsoid in the intermediate state. For a uniform field 
inside the ellipsoid, the relation (1 — n)H + nB = $ holds, whatever the relation between R 
and H. Putting H = Hq, we have 


2 =i Ay. | (56.4) | 





n n 


Thus the mean induction in the ellipsoid varies linearly with the external field, from zero 
when § = (l—n)H,, to H, when § = Her- 

We may also write down an expression for the total thermodynamic potential cg of an 
ellipsoid in the intermediate state. To do so, we start from the general formula 


~- _ {io ZB (B-H)' 9 jay 
>= || o 87 87 Jar 


(cf. (32.7)), which is also valid whatever the relation between B and H. Substituting ®, H 
and B from (56.2}-(56.4), we obtain 


1 
Hor TE a| tet zaj i (Ho. — sr | (56.5) 


V being the volume of the ellipsoid; ge, is taken to be zero in the purely superconducting 
state of the ellipsoid, in the absence of a magnetic field. For a superconducting ellipsoid in 
an external field $ we have 


gp, = -4M -H = V $?/87(1—n), (56.6 


in accordance with (32.6) and (54.2). For § = H,,(1 — n), the thermodynamic potential and 
its first derivative with respect to the temperature are continuous; in this sense, the 
transition from the superconducting to the intermediate state is analogous to a second- 
order phase transition. 

It should be emphasized that the averaged description of the intermediate state given 
here is in reality not very accurate, because of the comparatively large thickness of the 
layers. For the same reason, this description fails to reproduce certain phenomena relate 
to the properties of the layer structure. These include the fact that the transition from thé 
superconducting to the intermediate state actually occurs only when § slightly exce : 
(1 —n)H,,. The reason for this “delay” is as follows. The passage into the intermediate sta® 
occurs when that state becomes thermodynamically stable, i.e. when go, = Ws- The lay@ 
structure, however, has not only the “volume” energy (56.5) allotted to it in the average” 
description but also additional energy resulting from the existence of the boundari 
between the layers and their change in shape near the surface of the body. This results! 
some displacement of the transition point towards stronger fields. y 

As mentioned in the footnote to §53, this chapter deals with type ! superconduct® ! 
Nevertheless, a minor comment may be made here concerning the thermodynamics 0 


— ‘pages no 
+ It is therefore not surprising that œ, (H) < ge.(H) on both sides of the point $ = Her(1 — n). Ina seco” a 


order phase transition, neither phase exists beyond the transition point, and hence it is meaningless to comp | 
the thermodynamic potentials of the two phases. j 
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lagnetization curve” for a cylindrical type II superconductor. Such bodies are 

aracterized by a gradual penetration of the magnetic field into them. For example, witha 

ig cylindrical superconductor in a longitudinal magnetic field §, the penetration begins 

‘when the field reaches some value H ,, ;(7), and the superconductor changes continuously 
o the normal state only at a field H,,. .> Her1-t 

| We start from the relation 0ge/CH = —.M;cf. (32.4). Integrating both sides over H from 

0 H., 2, We find H 


cr, 2 


= f M d H = Hon — Sy, 
0 






ere ,, relates to the superconductor in the absence of the field, and ge, is independent 
he external field (so that the tilde can be omitted from both). In the field range 
H < H,, , the field does not penetrate into the cylinder, whose magnetic moment is 
efore M = —V $/4z. Separating this part of the integral gives 


Aer 2 
VH.,* 
| MAS = — (Hn — Po) + — E. 
Sz 
Ker, t 


[is defined as before, but purely formally, for a type IJ superconductor: 


















Pn — Ps0 = V H 7/87, 
relation obtained may be written in the final form 


Hey 2 
V 
| MAD = -> (Ha-Ha) (56.7) 


Hor 1 


PROBLEM 


ine the heat capacity of an ellipsoid in the intermediate state. 


LUTION. The entropy, and thence the heat capacity, are found by differentiating the thermodynamic 
tial (56.5) with respect to temperature. Neglecting the terms containing the thermal-expansion coefficient, 
Dtain 


VT Ly J s si 
€,—-€,= ee [1 -nH + Her Aer") — HH"), 


rime denoting differentiation with respect to 7; @, is the heat capacity of the body in the superconducting 
» Whose slight dependence on § we here neglect. Hence it follows that, as § varies (at constant temperature), 
“at capacity changes discontinuously at the point H= (1—n)H,, from @, to 


JOS | eae 


cr > 


E+ 


S 





4nn 


Nereafter varies linearly with $, reaching the value 


VT VT Vi 
€, — — (He? + He He’) + —H..2 = 2) se 
san ( cr cr iter )+ rT ie Eat ae H 


= Ha, whence it falls discontinuously to @,. 


>e SP 2, §§47, 48. The state of the superconductor in the field range between H , and H 5 is called the 
‘State. It must be emphasized that this is not the same as the intermediate state of atype I E diceot In 
uxed state, the magnetic field penetrates into the sample in the form of what are called vortex Tents 
the value of H,, lies between those of H,, , and H, 2. It has, however, no distinctive property in a type II 
conductor. 


194 Superconductivity 
§57. Structure of the intermediate state 


The shape and size of the normal and superconducting layers in the intermediate state 
are governed by the conditions of thermodynamic equilibrium for the body as a whole, in 
the same manner as was the shape of the domains in a ferromagnet (§44). As there, the 1 
resulting thickness of the layers is determined by two oppositely acting factors. The | 
surface tension at the normal and superconducting phase boundaries tends to reduce the | 
number of layers, i.e. to increase their thickness. The energy of emergence of the layers at f 
the free surface of the body has the opposite tendency. The layer thickness increases with 
the size of the body, and consequently (for the same reasons as in the case of ferromagnetic 
domains) the layers must ultimately undergo branching near the surface. 

The problem of determining the shape and size of unbranched layers in the intermediate 
state in a flat plate can be solved exactly. We shall do this on the assumption that the — 
external field § is perpendicular to the plate (L. D. Landau, 1937). | 

The layers are parallel to the field, except near the surface of the plate. The lines of 
magnetic force (shown dashed in Fig. 35, p. 196) pass only through the normal layers, and 
the boundaries of the superconducting layers are also lines of force, since B, = O there. 
Since also H = H „ on the boundary between the normal and superconducting phases, the 
conditions at the boundaries of a superconducting layer are 


on BC H = 0, 
on BA and CD H? +H, =H, 








(57.1) 


the coordinate axes being taken as shown in Fig. 35. Far from the plate, the field H must be 
the same as the external field $, ie. 


for x> — © H, = $, H,=0. (57.2) 


We use the scalar and vector potentials: H, = —ôġ/ôx = ĉA/ĉy, H, = — Od /ey = 
—@A/éx, and the complex potential w = @—1A (cf. §3). 

Ona line of force A = constant. We put A = 0 on the line of force which reaches O and 
then branches into OCD and OBA, forming the boundary of one superconducting layét. 
The difference between the values of A at the boundaries of two successive superconduct 
ing layers is equal to the magnetic flux across the segment a = A, + âp, namely Ha. Henc? 
the value of A at the boundary of any superconducting layer is an integral multiple of Ha. 
Using also the “complex field” 4 = H, — iH, = —dw/dz, z= x +iy, we can write the 
conditions (57.1) as 


on BC rey = 0, (57.3) 
on BAand CD |n| = Hg. 


We introduce a new variable 
4) 
¢ = exp(—2aw/$a)—1 go 


; if 
and regard y as a function of ¢. ¢ is real on all boundary lines of force and on thé 


continuations beyond the plate: ¢ = exp ( — 2nd/ Ha) — L oo 
Since @ is determined apart from a constant, its value at any One point can be chos® 


w 
jet! 





zero or H,,, a filamentary structure may 


+ In certain conditions, when the external field is near | 
rew, Proceedings of the Royal So¢ 


thermodynamically more favourable than the layer structure, see E. R. And 
A £94, 98, 1948. 
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itrarily. Let ¢ = 0 at O. Then ¢ = O there also. On the limiting line of force considered, 
from the plate, ¢ = — 1 (since for x > — œ we have d > — Hx —> + œ). The value of ¢ 
3 or C, where the line of force enters the plate, is to, say. On CD and BA, ¢ varies from Cy 
©. Then the conditions (57.1) and (57.3) can be written 


for¢ = -1 n= §, (57.5) 
for Orel = 0, ren = 0, 
(57.6) 
for o <¢ In| = H 


unction 7(¢) must, furthermore, be everywhere finite. 
he conditions (57.6).are satisfied by the function 


E oe 


real negative ¢ the two roots are real, and are taken with the signs shown. For 
€ < Čo both are imaginary, and we take 


-3a OYE] 


the minus and plus signs on OC and OB respectively. For € > Cy 


6-8) 8] 


the minus and plus signs on CD and BA respectively. The value of , is found from the 
lition (57.5), and is 


1/1 y 
Co= al; n) , (57.8) 
E= H/H. 
ne shape of the layer, i.e. the equation of the limiting line of force, is obtained by 
rating the relation dz = —dw/y over real ¢: 





Se 
= Jn mjni) 


tituting y(t), taking real and imaginary parts, and choosing appropriately the 
tants of integration, we obtain the following parametric equations of the line CD: 


4 
e (0e) 
27 C J/C+1 


Šo 
ah B C Ea Caut) 
ee eee T EN 1 {S%ot 1) 
l z A J (Lo + 1)cosh = at (57.9) 
Co de h 
ne ve Ais = Y-— Ston- tan! /2), 


re Y= 44a, is the value of y for x + œ; see Fig. 35. 
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Fic. 35 





The period a of the layer structure is related to the thicknesses a, and a, of the 
superconducting and normal layers by a= a,+a,, aS =a,H,,. The latter equation 
follows from the continuity of the magnetic flux, which passes entirely through normal 
layers. Hence a, = a(1 — h), a, = ah. 

The period a is determined by the condition that the total thermodynamic potential of 
the plate be a minimum. The existence of surface tension at the boundaries between the 
normal and superconducting phases gives a term 


ge, = 21H,,2A/8na (57.10) 


in the thermodynamic potential per unit area of the surface of the plate. Here / Is the 
thickness of the plate, and the surface-tension coefficient is written as H op A/8z, where ‘ 
has the dimensions of length. In calculating this part of the energy we can, of course, neglec 
the curvature of the layers near the surface of the plate. 

The energy of emergence of the layers at the surface of the plate can be written as the E 
of two parts. First, the increase in the volume of the normal layers as compared with t j 
volume they would occupy if they were everywhere plane-parallel gives an addition 
energy 


4 h H? 1) 
re. € time 57.1 
oO 


a 
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here the factor 4 takes into account the presence of four angles (such as Band C in Fig. 35) 
the two sides of each of the 1/a superconducting layers. 

Second, the emergence of the layers at the surface of the plate changes the energy of the 
tem in the external field, 1.e. the energy — 1M - $. The magnetic moment of the plate is 
e to currents on the surfaces of the superconducting layers. When the tangential 
mponent of the induction changes discontinuously from H to zero, the surface current 
nsity is g = + cH/4zx. Hence the magnetic moment per unit length in the z-direction and 
-boundary surface of the superconducting layer is 


4n 


OCD 


H 
= | — yds,  ds=./(dx?+dy’). 


he layer did not emerge at the surface, there would be no segment OC, and on CD we 
ald have y = Y. Hence the excess magnetic moment for each of the four angles is 


2ra 


-2| He | (-¥ax+ya94 [na] (57.12) 
oc 


CD 


fhe coordinates x and y, expressed in terms of ¢, are proportional to a. Hence all the 
grals in go, + go are proportional to a’, and this part of the thermodynamic potential 
herefore proportional to a. The sum gy, + go, + g, is therefore of the form 


= HE k ao (57.13) 


4n| a 


> condition that this be a minimum gives 


a = ./{IA/f(h)] (57.14) 
the integrals in (57.11) and (57.12) can be calculated}, and the result obtained for f (h) is 


1 
f(h) = eal + h)* log (1 +h) + (1 — h)* log (1 — h) 


— (1+h?)* log (1 +h?) — 4h? log 8h}. (57.15) 


See A. Fortini and E. Paumier, Physical Review B 5, 1850, 1972. 
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The limiting forms of this are 
h? 0.56 
f(h)= z OB for h & 1; 
i (57.16) 
log 2 
f= =" i for Tae. 
7T 


Figure 36 shows a graph of f (h). 

It should be noted that, in normal layers near the surface of the plate, the magnetic field 
may be considerably less than H,,, i.e. there is a situation corresponding to that shown in 
Fig. 33a.f In this case the unfavourable thermodynamic state is made possible by the 
surface-tension energy, which prevents further reduction in the layer thickness. 

As already mentioned, as the plate thickness increases, branching of the layers must 
occur. This in turn affects the dependence of the period a of the structure on l; in the limit of 
multiple branching, a « 17/7. Numerical calculations show, however, that branching 
should begin only at a comparatively late staget. 


? S 
+ For instance, when h = 4 the field on the surface in the centre of the normal layer is only 0.73 Hcr, and 4 
h— 0 it tends to 0.65Hcr. , N 
t The calculation for a model with multiply branched layers is given by L. D. Landau, Journal of Ph ysics 7, 99. 
1943 (Collected Papers, Pergamon Press, Oxford, 1965, p. 365). j 


CHAPTER VII 


QUASI-STATIC ELECTROMAGNETIC FIELD 


§58. Equations of the quasi-static field 


So FAR we have discussed only static electric and magnetic fields, and have used Maxwell’s 
equation 


10B 
ees naa 58.1 
curl E ET (58.1) 


only as a step in deriving the expression for the energy of a magnetic field (§31). 

The nature of the variable electromagnetic fields in matter depends greatly on the kind of 
matter concerned and on the order of magnitude of the frequency of the field. In the 
present section we shall consider the phenomena which occur in extended conductors 
placed in a variable external magnetic field: We shall assume that the rate of change of the 
` field is not too large, and therefore satisfies various conditions which will be derived below. 
Electromagnetic fields and currents which satisfy these conditions are said to be quasi- 
Static. 

We shall first of all suppose that the wavelength 4 ~ c/@ which corresponds (in the 
vacuum or dielectric surrounding the conductor) to the field frequency w is large compared 
with the dimension l of the body: œw < c/I. Then the magnetic field distribution outside the 
conductor at any instant can be described by the equations of a static field: 


divB=0,  curlH = 0, (58.2) 


all effects due to the finite velocity of propagation of electromagnetic disturbances being 

neglected. Of course, this neglect is permissible only at distances from the body which are 

small compared with 4; these are the only distances which need be considered in 
determining the field inside the body. 

The complete system of field equations inside the conductor consists of (58.1) together 

with 
div B = 0, (58.3) 
curl H = 47j/c, j=oE; (58.4) 


in an electrically anisotropic (non-cubic) crystal, we must write j; = Cix Ep. The second 
of these equations has been derived, strictly speaking, only for steady currents 
and static magnetic fields. It is therefore necessary to specify conditions under which 
this equation can reliably be used for variable fields. In equation (58.4) the current has been 
written in terms of the electric field in accordance with the relation į = cE with constant ø, 
which holds for a steady state. This relation remains valid if the period of the field is large 
compared with the characteristic times of microscopic conduction. That is, the field 
frequency must be small compared with the reciprocal mean free time of the electrons in 
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the conductor. For typical metals at room temperature, the limiting frequencies given by 
this condition lie in the infra-red region of the spectrum.t 

There is another condition which restricts the applicability of the equations in this cag. 
Equation (58.4) assumes that the relation between the current and the field is a local one, ig 
that the current density at a point in the conductor depends on the field at that point only f 
This in turn presupposes that the electron mean free path is smal] compared with the 
distances over which the field changes appreciably. We shall return to this condition in §59 

In equations (58.1) and (58.4), E is the induced electric field resulting from the variation | 
of the magnetic field. When H is known, the field E can be immediately determined by | 
equation (58.4). The equation for H is obtained by eliminating E from (58.1) and (584) 

4n OB curl H 


Lia i 5 
P curl : (58.5) 





In a homogeneous medium with constant conductivity o and constant magnetic | 
permeability p, the factor 1/o can be taken in front of the curl operator, and by (58.3) we 
have div B = pu div H = 0. Hence curl curl H = — AH, and we obtain the equation 


_ 4npo OH 
Tae ee 


With the equation div H = 0 this suffices to determine the magnetic field. It may be noted 
that equation (58.6) is a heat-conduction equation, the thermometric conductivity y being 
represented by c?/4zyo. 
The boundary conditions on the magnetic field at the surface of a conductor are evident | 
from the form of the equations, and are as before 
By = B,„2. H,, at H,2. (58.7) 


The expression on the right-hand side of equation (58.4), being bounded, does not affect 
the second of (58.7). For u = 1 we can put simply ł 


H, = H,. (58.8) 


From (58.4) we have div j = 0; the boundary condition on this equation is that j,, = Oat 
the surface of the conductor. In an electrically isotropic conductor, it follows (sine? 
j = oE) that E, = Oat the boundary, the index (i) denoting the field inside the conducto! 
in the general case of an anisotropic conductor, the normal component of the field in thé 
conductor at its surface is in general not zero. 

The boundary condition (58.8) is insufficient for a complete formulation of the probit 
if the conductor is composite and its parts have different conductivities. At the interface 


AH 





(58.6) 





ee . be 

+ For poor conductors (e.g. semiconductors), equation (58.4) is valid only ifa further condition, which rity 
more stringent, is satisfied. For such bodies it may be possible to define both a conductivity and a ep alli 
Then a term — (¢/c) ĉE/ôt is added to the right-hand side of (58.4), and the condition for this term to be hae 
comparison with 4ncE/c is ¢/w > £. In good conductors (e.g. metals), on the other hand, c/w > 1 throug to §59! 
frequency range in which the conductivity can be regarded as constant (see also the second peep ‘lowing 

+ For ordinary diamagnetic and paramagnetic bodies, 4 is very nearly 1, and the inclusion of 4 ın the fo neti 
formulae would be a pointless refinement. Values of u differing considerably from 1 occur in ferromaf 
metals, whose magnetic properties (in sufficiently weak fields) can be described in terms of a large COT: H 
permeability. For quite moderate frequencies, however, such substances exhibit a dispersion of p (- the 
dependence of p on the frequency w), together with a decrease of p almost to 1. We shall therefore put p = 110 i 
present chapter- 
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ween the parts we must use both the continuity of H and that of E,; the latter implies the 
C ition 

(curl H),,/o, = (curl H),,/o, (58.9) 



















the magnetic field. 

uppose that a conductor is placed in an external magnetic field which is suddenly 
oved. The field in and around the conductor does not vanish immediately; the manner 
s decay with time is given by equation (58.6). To solve a problem of this kind, we use the 
pwing procedure, a general technique in mathematical physics. We seek solutions of 
ation (58.6) which have the form H = H,,(x, y,z)e—%', where y,, is a constant. The 
ation for the function H,,,(x, y, z) is then 


(c?/4n0) A Hn = —YmHy- (58.10) 


a conductor of given shape, this equation has non-zero solutions (satisfying the 
essary boundary conditions) only for certain y,,, the eigenvalues of (58.10), all of which 
real and positive.t The corresponding functions H, (x,y,z) form a complete set of 
hogonal vector functions. Let the field distribution at the initial instant be Ho (x. y, z). 
expanding this in terms of the functions H,,,: 


Ho (x, y, Z) = > can. (x, y, Z), 
obtain the solution of the problem: 
H(x,y.z,t) = $ cme ~?" Hy (x, Y, Z) (58.11) 


es the manner of decay of the field with time. 
[he rate of decay is determined principally by the term in the sum for which y, is least; let 
3 be y, . The decay time of the field may be defined as t = 1/y,. The order of magnitude 
ris evident from equation (58.10). Since AH ~ H/I?, where I is the dimension of the 
ductor, we have 

t ~ 4nal?/c?. (58.12) 
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-€t us consider a conductor in an external magnetic field which varies with frequency @. 
> Magnetic field penetrates into the conductor and induces in it a variable electric field, 
ch in turn causes currents to appear; these are called eddy currents.t A general idea of 


This i is easily seen as follows. So as to avoid having to take account of the boundary conditions at the surface 


l€ body, we start from equation (58.5) and suppose ø to vanish continuously outside the body. Multiplying 
sides of the equation 


— 4n),H,,/¢? = —curl[(1/o)curlH,, ] 
H,,* and integrating over all space, we have 


1 
Tin | [He |?dV = fan *-curl ay = [Zlcutn, |20y, 


nce it is evident that the ym are rea] and positive. 
In Russian “Foucault currents”. 
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the way in which the field penetrates into the conductor can be obtained from the analog 
already mentioned between equation (58.6) and the equation of thermal conduction. It is 
known from the theory of thermal conduction that a quantity which satisfies such ah 
equation is propagated through a distance ~ " (xt) in time t. We can therefor 
immediately conclude that the magnetic field penetrates into the conductor to a distance 
given in order of magnitude by 6 ~ ah (c? /aw). The same is true, of course, of the induce, 
electric field and currents. . 

In a variable field with frequency œ, all quantities depend on the time through a facto, 
e ‘“t Equation (58.6) then becomes 


AH = —4niomH/c?. (59.1) 


Let us consider two limiting cases. If the penetration depth 6 is large compared with the 
dimension of the body (low frequencies), we can put the right-hand side of (59.1) equal to 
zero as a first approximation. Then the magnetic field distribution at any instant will be the 
same as it would be in a steady state with the same external field far from the body. Let this 
solution be H,; it is independent of the frequency (or rather involves the frequency only in 
the time factor e~ **). The induced electric field appears only in the next approximation, 
being absent in the steady state. This corresponds to the fact that curl H,, = 0, and so the 
value of E obtained from (58.4) is zero. To calculate E, therefore, we must use equation 
(58.1), according to which 


curl E = i@H,,/c-. (59.2) 


This equation, together with div E = 0 (which follows from (58.4) when a is constant in the 
body), entirely determines the electric field distribution. It is seen to be proportional to the 
frequency w. 

The opposite limiting case is that where ô < l (high frequencies). The condition for the 
field equations to be local (§58) requires that ô should still be large compared with the 
mean free path of the conduction electrons.+ 

When 6 <I the magnetic field penetrates only into a thin surface layer of the 
conductor. In calculating the field outside the conductor we can neglect the thickness of 
this layer, i.e. assume that the magnetic field does not penetrate into the conductor at all. In 
this sense a conductor in a high-frequency magnetic field behaves like a superconductor ™ 
a constant field, and the field outside it must be calculated by solving the corresponding 
steady-state problem for a superconductor of the same shape. 

The true field distribution in the surface layer of the conductor can be investigated 1m ; 
general manner by regarding small regions of the surface as plane. It is necessary to solve 
equation (59.1) for a conducting medium bounded by a plane surface, outside which i 
field has a given value H,e~*", say. This vector is obtained as shown above, by solving t 
problem for a semi-infinite medium, and is parallel to the surface of the conductor. © a 
boundary condition (58.8) shows that the magnetic field in the conductor is also Hoe 
the surface. y 

We take the surface of the conductor as the xy-plane, the conducting medium being H 
z > 0. Since the conditions of the problem are independent of x and y, the required field az 
depends only on the z coordinate (and on the time). We therefore have div H = CH F. 

+ Tbis condition is, in fact, the first to be violated in metals as the frequency increases. The condition w 4 ui | 
where zq is the mean free time, may, however, be the more stringent for semiconductors of low conducti¥! i 
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, and since H, = 0 at the boundary it must be zero everywhere. By (59.1), the equation 


H is 0*H/0z? + k7H = 0, where k = J (Aniow/c?) = (1 +i) / (2now)/c. The solution 
his equation which vanishes far from the surface (z > 00) is proportional to e™7. Using 
boundary condition at z = 0, we obtain 


H = Hoe 7" e7 eio (59.3) 
re the penetration depth 6 is 


5 = ¢/,/(2now) and k = (1 + i)/ô. (59.4) 


he electric field is now determined by means of equation (58.4). If nis a unit vector in 
z-direction, we have 


E = \/(@/8n0)(1—i)H xn. (59.5) 
E ~ Ho/). 
the field Hye‘ is linearly polarized, then Ho can be made real by a suitable choice of 


origin of time. We then take the direction of Ho as the y-axis. Taking the real part in 
f) and (59.5), we have 


H = H, = Hoe cos( zor ), 


l (59.6) 
ir) 


E =E =H, Volno =cosž— r aie 


eddy current density j = cE has the same distribution as E 


Æ relation (59.5) is valid in the present case for the field throughout the half-space 
J. In more general cases, a relation 


E, = CH, xn (59.7) 


general valid only at the surface of the conductor for the field components tangential 
€ Surface; since these components are continuous, (59.7) applies to the field on either 
of the surface. The coefficient ¢ is called the surface impedance of the conductor: we 
return in §87 to more general aspects of this concept.} In the present case. 


C = ./(w/8n0)(1 — i). (59.8) 


1€ presence of eddy currents implies a dissipation of the field energy, which appears as 
> heat. The time average energy Q dissipated in the conductor per unit time is 


Jj- Edr = f cE? dV. It can also be calculated as the mean field energy entering the 
Uctor per unit time: 


Pa 


Q = $S-df = (c/4n)$E xH -df (59.9) 


n electrically anisotropic media, the surface impedance is a two-dimensional tensor: 
E,, = Cag (H, x n)g, 


and £ are tensor suffixes in the plane perpendicular to n. This t 
esult from the thermoelectric effect (see Problem 4). 


(59. 7a) 


ensor may be affected by the heat fluxes 
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the integral being taken over the surface of the conductor.+ 

We have already seen that, in the limiting case 6 > l, the amplitude of the magnetic field 
inside the conductor is independent of the frequency, while that of the electric field is 
proportional to w. The energy dissipation Q at low frequencies is therefore proportional to 
w°. When ô < l, on the other hand, the magnetic and electric fields on the surface of the 
conductor are given by formulae (59.3) and (59.5) with z = 0. The Poynting vector is 
normal to the surface, and its mean value is S = (c/167) $i (w/2n0)|Ho| 2 the variation of 
Ho over the surface being given by the solution of the problem of the field outside a 
superconductor of the same shape (cf. above). The energy dissipation is 


C @ 
o= Ter | (ase) Serer D 


Thus at high frequencies it is proportional to ae 0. 

The energy dissipation can also be expressed in terms of the total magnetic moment M 
acquired by the conductor in the magnetic field. In a periodic field, the magnetic moment is 
likewise a periodic function of time, with the same frequency. According to formula (32.4), 
the rate of variation of the free energy is given by — M-d $/dt, where $ is a uniform 
external field in which the conductor is placed. This expression does not immediately give 
the required energy dissipation, because the energy of the body changes not only on 
account of dissipation but also by the periodic movement of energy between the body and 
the surrounding field. If we average over time, however, the latter contribution vanishes, 
and the mean dissipation of energy per unit time is 


Q = —.M-A9/dt. (59.11) 

IfA and Syare written in complex form, then d $)/dt = — iw $H, and Q can be calculated as 
Q = —tre(im.@- H*)= iwim (M §*). (59.12) 

The components of the magnetic moment M are linear functions of the external field: 
M: = Vaz Hr (59.13) 


where the dimensionless coefficients %;, (œ) depend on the shape of the body and on its 
orientation in the external field, but not on its volume V. In this formula we assume that M 
and $ are written in complex form, so that the œ; are also in general complex. The tensor 
Va,,may be called the magnetic polarizability tensor for the body asa whole. This tensor isa 
generalized susceptibility, and has the properties common to all such quantities. In 
particular, it is symmetrical (see SP 1, §125): 


Os, = Api- (59.14) 
We can therefore write 
M- H* = Vay, Di” Dr = 7 Von (H;* Ht HH”) 
= Fa, re(D; §,*). 
tIf any two quantities a(t) and b(t) are written in complex form (proportional to e~ ‘“'), the real parts must of 


course be taken before calculating their product. If, however, we are interested only in the time average value of 
the product, it may be calculated as 4 re ab*. The terms containing e +2! give zero on averaging, and so 


4 (a+a*)(b+b*) = }(ab* + a*b). In particular, S can be calculated as the real part of the “complex Poynting 
vector”: 








S= r| Se x nt | (59.9a) 
4n 
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If we also write the complex quantities o;, aS a,’ +ia,,", the energy dissipation (59.12) 


becomes 
Q = 4 Vong" re( §; H”). (59.15) 


Thus the energy dissipation is determined by the imaginary part of the magnetic 
polarizability. We have already seen that Q is proportional to œ for low frequencies, and 
to E w for high frequencies. We can therefore conclude that the quantities œ,” in these two 
limiting cases are proportional to w and to 1/ a œw respectively. Since they decrease both as 
w> 0 and œw > œ, they must have a maximum in between. 

The magnetic moment of a conductor in a variable magnetic field is due mainly to the 
conduction currents set up in the body; it is not zero even if u = 1, when the moment in a 
static field vanishes. The latter can be obtained from A (œw) by taking the limit as 
w> 0. Hence it follows that the real part œ; of the polarizability tends to a constant limit 
as œw—> O (the limit being zero for u = 1), corresponding to magnetization in a static 
field. In the limit œ — œ, when the magnetic field does not penetrate into the body, «;,’ 
tends to a different constant limit, corresponding to the static magnetization of a 
superconductor of the same shape. 


PROBLEMS 


PROBLEM 1. Determine the magnetic polarizability of an isotropic conducting sphere with radius a in a 
uniform periodic external field. 


SOLUTION. The field H inside the sphere satisfies the equations ^ H® + k?H® = 0, div H® = 0, where 
k = (1+ i)/6. We write this field in the form H® = curl A. where A satisfies the equation A A +k? A = 0; since H 
isan axial vector, A is a polar vector. By symmetry, the only constant vector on which the required solution can 
depend is the external field H. We denote by f the spherically symmetrical solution, finite for r = 0, of the scalar 
equation A f+ k?f = 0, namely f = (1/r) sin kr. Then the polar vector A, which satisfies the vector equation A A 
+k?A = Oand depends linearly on the constant axial vector $, can be written as A = £ curl( f $), where f is a 


constant. Thus we have 
H® = £ curl curl (f 9) 


= (£ +er)a-e( + er) - $)n, 
where n is a unit vector in the direction of r; the second derivative f” has been eliminated by means of the 
equation A f+k?f = 0. 
The field H® outside the sphere satisfies the equations curl H® = 0, div H® = 0. We put H® = — grad ġ 
+ Ý; ¢ satisfies the equation A ¢ = 0 and vanishes at infinity. Since ¢ depends linearly on the constant vector 9, 
we have @ = — Va $ - grad (1/r), where V = 4na?/3. Thus 


H® = Va grad[(- grad)(1/r)]+ H 
V 
=- Blu: H)u- $]+§ 


It is evident that Va% is the magnetic moment of the sphere, so that Vx is its magnetic polarizability (by 
symmetry, the tensor &;, reduces to a scalar «6;,). 

On the surface of the sphere (r = a), all the components of H must be continuous. Equating separately the 
components parallel and perpendicular to n, we obtain two equations to determine « and $. The polarizability per 
unit volume is found to be 


me 3 3 
x=% +i = -| 1 ia + oot ak | 


3 [ _ 36 sinh(2a/d)—sin (2a/d) l 
2 a cosh (2a/5) — cos (2a/5) | 


e” 98? hı a sinh(2a/ð)+ sin Bar| 





ô cosh (2a/ô) — cos (2a/ò) 
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In the limit of low frequencies (6 > a), 


N 1 (2) 4n a*o*a’* 
Q = ——— | — = — — 





ò 


„1 aj aow 
a = ——| — = —_——_, 
20r \ ô 10c? 


3 | =| 3 3c l 
oe = ——|1—-— |= -—]1— ; 
87 2a 8x 2a. /(2n0@) 


For high frequencies (6 < a), 


.. ealeo 9c 
ge=---- = z 
l6r a 16ra, / (2n0w) 
The limiting value Vo’ = —3a* corresponds to the magnetic moment of a superconducting sphere; th 


corresponding value of a” could be found from formula (59.10), using the expression (54.3) for the field at the 
surface of a superconducting sphere. 

The external field is assumed to be written in the complex form H= §,e * with an arbitrary constan 
complex vector $H. The analysis therefore includes both the “linearly polarized” variable field whose directions 
constant, and the elliptically or circularly polarized fields which rotate in some plane. 


PROBLEM 2. The same as Problem 1, but for a conducting cylinder (with radius a) in a uniform periodic 
mangnetic field perpendicular to its axis. 


SOLUTION. This problem is the “two-dimensional analogue” of Problem 1. In what follows all vector 
operations are two-dimensional operations in a plane perpendicular to the axis of the cylinder, and r is the 
position vector in that plane. The field inside the cylinder is of the form 


H® = f curl curl (f H) 


= A + ef) 9-0 + aac  H)n, 


r r 


where f= J,(kr) is the symmetrical solution of the two-dimensional equation A f+ k2f = 0 which is finite for 
r = 0. The field outside the cylinder is 


H® = —2V a grad [(H'grad)logr]+ $ 
2V 
= [2(n- H)n— H]+ $, 


where V = na’. The magnetic moment per unit length of the cylinder is Va $ (see §3, Problem 2). From tht 
condition H® = H® for r = a, as in Problem 1, we obtain 


ae f rA A æa | 
a S ka Jalka) J 
using the relation J, (Ar) = — kJ, (kr). 


For 6 > a, expanding the Bessel functions in powers of ka, we have 


For 5 <a, we use the asymptotic expressions for the Bessel functions, obtaining 


-a(i 
= aN a) an a (2r) 


Ioan s 
2n a 2na,/ (2x0) d 
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JBLEM 3. The same as Problem 2, but for a magnetic field parallel to the axis of the cylinder. 


UTION. The magnetic field is everywhere parallel to the axis of the cylinder. Outside the cylinder 
e H® = H, and inside it H = f $, where J is the symmetrical solution of the two-dimensional equation 
éf = Owhichis ł forr = aand finite for r = 0:H® = $J, (kr)/Jo (ka). The eddy currents in the cylinder are 
thal (i.e. the only non-zero component is Je) andare given in terms of the field H, = H by 4xj/c = —éH/ér. 
lagnetic moment generated per unit length of the cylinder by the conduction currents is # = naa $ 
2c){ jr dV = —4 f (2H /ðr}r? dr; it is parallel to the axis. Evaluating the integral, we have 


p E SrA 
ol a 


the longitudinal polarizability of the cylinder is half the transverse polarizability derived in Problem 2. 
BLEM 4. Determine the least decay coefficient for the magnetic field in a conducting sphere. 


UTION. The solutions of equations (58.10) fora sphere include functions with various symmetries. The most 
trical solution is that which is defined by an arbitrary constant scalar. This solution is inapplicable, 
er, for the following reason: it would be spherically symmetrical (H = H,(r)) and would have to be 
gnstant/r in order to satisfy the equation div H = (1 /r)0(rH)/ér = 0, which is valid both outside and inside 
rere; but this function is not finite at the centre of the sphere. 

least value of y corresponds to one of the solutions defined by an arbitrary constant vector. The form of 
lutions is evidently the same as has been found in Problem 1, the only difference being that the constant 
1 the field H‘? must be omitted so as to have H = Oat infinity. The quantity k is now real (= ny (4noy/c*)), 
vector H is an arbitrary constant vector. From the boundary condition H® = H® at r = a we obtain two 


and on eliminating « and £ we find sin ka = 0. The smallest non-zero root of this equation is ka = z, 
ithe smallest value of y is y, = nc?/40a?. 


LEM 5. The plane surface of a uniaxial metal crystal is cut so that the normal is at an angle 8 to the 


al axis of symmetry of the crystal. Determine the surface impedance, taking account of the thermoelectric 
M. I. Kaganov and V. M. Tsukernik, 1958). 


JNION. We take the crystal surface as the x y-plane, and the z-axis along the inward normal to the surface; 
rincipal axis of symmetry of the crystal be in the xz-plane at an angle @ to the z-axis. Let the magnetic field 
urface be in the y-direction: H, = Hoe ‘. Then it is in this direction everywhere within the metal also. 
] quantities depend only on z (and on the time as e-"'), we find that Maxwell’s equations (58.1), (58.4) 
-Hy = 4nj,/¢, jy=j,=0, Ey =iwH, jc, (1) 
= 0. whence E, = 0; the prime denotes differentiation with respect to z. To take account of the 
tectric effect, we must include also the equation of thermal conduction, Cé7/ét + div q = 0, or 

Taper tag. = 0, (2) 


is a variable increment of the mean temperature: T = T +1, C the specific heat of the metal per unit 
: d q the heat flux density; j and q are related to the field E and the temperature gradient by (26.12). 
nsors p = o` ',, and kare symmetrical. We shall suppose the symmetry of the crystal to be such that «,, 


trical also. With the above choice of the x, y and z axes, we have 
Pxx = pisin? 6+ p, cos? 8. Py = Pi 

Pzz = pcos? 6 +p, sin? 6, Pxy = Pyz = 0 
Px: = (p o pı) sin @ cos 6, 


a dp, are the principal values of the tensor p; along the cr 


L ystal axis and in the plane perpendicular to it: 
~Pressions are valid for x and x,,. Then, from (26.12), 


Ex = Pax tOst, Gz = Tonja — K,T’, (3) 
E, = PizJy tT. (4) 
lation of H, from equations (1)-(3) gives 
E,” +k?(E,+Er) = 0, 
(1 +a)Er" +k’ [(b—a)Er— aE, ] = 0, 
= —a,.t’ and the parameters 


k? = 4niw/c’p,,,a = Ta? PaRa b = c?Cp,,. /AnK,,- 
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The solution of these two equations for the half-space z > 0 occupied by the metal is 
E, = Aek? + Belk27, 
Er = —(1—k,2/k?) Aes? — (1 — k,?/k?) Bet*2?, 


where 


1,2 — 


nnn 


2(1 +a) 


[' +b+,/4(1 a 


the imaginary parts of k, and k, must be positive. 

The relation between the coefficients A and B is found from the boundary conditions for the temperature; 
formula (4) gives the field E, in the metal; the normal component of E is not required to be continuous at the 
surface of the conductor. According to the definition (59.7a). the surface impedance is 


Cx = [E,/H, ]z = 0 


w A+B 
ek, A+k,B’ 
C= 0. 


The final expressions are as follows for the impedance when a < 1 (as is in fact true for ordmary metals) in two 
cases. With an isothermal boundary (t = 0), 


Ci = Co [1 +.0/2(1 + ./b)* I; 
with an adiabatic boundary (g, = 9), 
g oa = Co {t all + 2,/b)/2(1 + ./b)? 1, 


where čo = (@p,, /8rp(1 — i) is the impedance when the thermoelectric effect is neglected. The parameter a, and 
therefore the correction to the impedance, are zero when 0 = Ir or 8 = 0, i.e. when the principal axis is either in 
the plane of the surface or perpendicular to it. 

If the field H is in the x-direction, then E, = 0, j, = j, = 0, and there is no temperature gradient, so that 


Cy = bo. 


$60. The skin effect 


Let us consider the distribution of current density over the cross-section of a conductor 
in which a non-zero and variable total current is flowing. From the results of §59 we should 
expect that, as the frequency increases, the current will tend to be concentrated near the 
surface of the conductor. This phenomenon is called the skin effect.t 

The exact solution of the problem of the skin effect depends, in general, not only on the 
shape of the conductor but also on the manner of excitation of the current in it. i.e. the 
nature of the variable external magnetic field which induces the current. An important 
particular case, however, is that where the current flows in a wire of thickness small 
compared with its length; here the current distribution is independent of the manner of 
excitation. 

Incalculating the current distribution over the cross-section of a thin wire, the latter may 
be regarded as straight. The electric field is parallel to the axis of the wire, and the magnetic 
field vector H is in a plane perpendicular to the axis. 

Let us consider a wire of circular cross-section. This is a particularly simple case, because 
the form of the field outside the wire is immediately obvious. By symmetry, E = constant 
over the surface of the wire (though the value of the constant varies with time). With this ` 


+ The term skin effect is used, more generally, in all cases where a variable electromagnetic field (and therefore 
the currents due to it) penetrates only to a relatively small depth in a conductor. | 
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indary condition, the only solution of the equations div E = 0, curl E = 0 outside the 
afe is E = constant. Similarly, the magnetic field outside the wire must be the same as it 
gould be outside a wire carrying a constant current equal to the instantaneous value of the 
fiable current. 

pside the wire. the electric field satisfies the equation A E = (4na/c?)@E/dt, which is the 
ae as Equation (58.6) for H; it is obtained by eliminating H from (58.1) and (58.4), just as 
(68.6) was obtained by eliminating E. In cylindrical polar coordinates, with the z-axis along 
‘jpeaxis of the wire, the only non-zero component of Eis E, which depends only onr. Fora 
jodic field with frequency œ we have 


10 / GE Jd IF: 

->r ]+KPE=0, k= = — 60.1 
| ma x) 0, ô ô” Ema) 
‘where ô is the penetration depth (59.4). The solution of this equation which remains finite 
atr = O is 
| E = E, = constant x J,(kr)e7*, (60.2) 


ere Jo is the Bessel function. The current density j = cE is similarly distributed. 
he magnetic field H, = H is found from the electric field by equation (58.1): 


ioH,/c = (curl E), = — 0E,/ér. (60.3) 
se Jo (u) = — J, (u), we obtain 


H = H, = — constant x i, /(4roi/œ) J, (kre, (60.4) 













constant being the same as in (60.2); it is easily determined from the condition that 
= 2I/caon the surface of the wire, a being the radius of the wire and / the total current in 


i the limiting case of low frequencies (a/5 < 1) wecan take just the first few terms of the 
ansions of the Bessel functions at every point in the cross-section: 


| l l i 
E = eet 2 4 —iot 
z = constant x | 1 5 i(r/d) 16 (r/d)” Je", 


2na 1 l A ' ce) 
H = a aes + Ae = vena 
constant x a | 4 i(r/d) 48 (r/ô) l e 


amplitude of E, and therefore that of the current density, increase as 1 + (r/26)* with 
asing distance r from the axis. 


the opposite limiting case of high frequencies (a/5 > 1) we can use the asymptotic 


ula 
Jo [u/i] ~ utet», (60.6) 


h is valid for large values of the argument of the Bessel function, over most of the 
"section. Retaining only the rapidly varying exponential factor, we have 

E, = constant x e~ @~/2 eila-1)/59- iot 

(60.7) 


abl et 
H = constant x (1 +i) ae e 7 (4-15 pila~r)/5,— ior 


e formulae are, of course, the same as (59.3}-(59.5), which are valid near the surface of 
aductor of any shape when the skin effect is strong. 
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In the general case of a wire whose cross-section is not circular, the exact calculation of 
the skin effect is considerably more involved, since the fields inside and outside the wire 
must be determined simultaneously. Only in the limiting case of strong skin effect is the 
problem again simplified, because the field outside the wire may then be determined as the 
static field outside a superconductor of the same shape. 


$61. The complex resistance 


If the frequency of the variable current is low, the instantaneous current J (t) in a linear 
circuit is determined by the instantaneous e.m.f. £: 


&(t) = RJ(0), (61.1) 


where R is the resistance of the wire to a constant current. 

There is no reason, however, to expect a direct relation between the values of & and J at 
the same instant for all frequencies. We can say only that the value of J (t) must be a linear 
function of the values of £ (t) at all previous instants. This relation may be symbolically 
written as J = Z~'& or, conversely. 


&=ZJ, (61.2) 


where Z is some linear operator.t If the functions &(t) and J(t) are expanded as Fourier 
integrals, then for each monochromatic component (depending on time through a factor 
et) the effect of the linear operator Z is simply multiplication by a quantity Z which 
depends on the frequency: 


é = Z(o) J. (61.3) 


The function Z (œ) is in general complex. It is called the complex resistance or impedance of 
the conductor. 

It is evident from a comparison of (61.3) and (61.1) that the ordinary resistance R 1s the 
zero-order term in an expansion of the function Z(@) in powers of œw. To find the next term, 
we must take account both of R and of the self-inductance L of the conductor. 

Let us consider a linear circuit containing a variable e.m.f. £ (t). By the definition of , the 
work done per unit time by the electric field on the charges moving in the wire is 6J. This 
work goes partly into Joule heat and partly to change the energy of the magnetic field of the 
current. By the definition of R and L, the Joule heat evolved in the wire per unit time is RJ 4 
and the magnetic energy of the current is LJ*/2c’. The law of conservation of energy 
therefore gives the equation 





d LJ? 1 dJ 
J = RJ? +— = RJ} +— LJ — 
j ai 2c? T dt’ 
OT 
1 dJ 
= RJ +— L— . 61.4 
E tala (61.4) 


+ Weshall not pause here to discuss the general properties of this operator, since they are entirely analogous to | 
those of the operator é, which will be examined in detail in §§77 and 82. | 
¢ Here, and in what follows, R and L denote the values for a steady current. 
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Jn order to use the quadratic expressions & J and J? we must write & and J as real 
yctions. Having derived the linear equation (61.4), however, we can take complex 

gonochromatic forms: E = ge~", J = Joe". Then equation (61.4) gives the algebraic 

‘elation 

é =Z]J, Z= R- oL. (61.5) 


king the real part in J = &/Z, we have 
Eo 
VJR? +0? L?/c*) 


ich determines the amplitude of the current and the phase difference between the 
rent and the e.m.f. 

he real part of the expression (61.5) is the resistance R, which determines the energy 
jpation in the circuit. It is easy to see that, whatever the function Z (œ), a similar relation 
s between re Z and the energy dissipation for a given current. On averaging with 
ect to time the power &J required to maintain the periodic current in the circuit, we 
in the part of this power which continually makes good the dissipative losses. The 
gy dissipation in the circuit per unit time is therefore Q = 4re (6J*), where & and J are 
ed in complex form; see the last footnote to §59. Substituting £ = ZJ and denoting 
eal and imaginary parts of Z by Z’ and Z” respectively:t 


Z=Z +iZ", (61.7) 


J(t)= cos (cat — ¢), tan ġ = wL/c?R, (61.6) 





















btain Q = $Z'|J|? or, in terms of the real function J(t), 
Q =Z'(o)J?, (61.8) 


h gives the required relation. 
ay be noted that, since Q is necessarily positive, Z’ is also positive: 


Z'>0. (61.9) 


€ may calculate Z(%w) for a wire of circular cross-section for any frequency which 
les the quasi-steady condition, i.e. without neglecting the skin effect. To do so, we 
1 use the law of conservation of energy, but in a different form. We divide the power & J 
fe é and J are real) into two parts, one being the change in the magnetic field energy 
de the wire, and the other the total energy consumed inside the wire (both in changing 
eld and in evolution of heat). The second part can be calculated as the total energy flux 
fing the conductor through its surface per unit time. Thus we have 

d /{L.J*\ cEH oe dj] 

dt F 22 et: ay tPF 

€ L, is the external part of the self-inductance of the wire, E and H the electric and 


netic fields at its surface, a its radius, and l its length. The field H is related to thecurrent 
| H = 2J/ca. Hence, dividing the above equation by J, we have 
mt dJ 


TE 
nae pot EL 


EJ = 





Sometimes called the resistance and reactance (in Russian: active and reactive resistances). 
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This is a linear equation, and hence we can use complex quantities. Then 


iol 





E=ZJ= 5 €J+El, 
c 
whence 
1@ El i@ 2El 
Z= —— L += —., 
g eT J c? bet JH (61.10 


For general frequencies, E and H are given by (60.2) and (60.4), and we have 


iw l Ja(ka) 
Z= —— L,+ = Rk 1, 
a eta SE T 





(61.1) 


where R = |/xa?o. When the skin effect is weak, we use the expansions (60.5); taking terms 
as far as (a/5)* and separating the real part, we find 


1 fa\* 1 (nowa’ \? 
= C ERT e Ie 
Z R| +45 (5) l [5 z ) l (61.1 1a) 


In the opposite case of a strong skin effect we use the expressions (60.7), obtaining 


Z' = Ra/26 = (I/ca)./ (w/270), 


tt @ 26 w le 
wh = ae | Oe ees L; = Ro Ere oen « 
C a c a,/(2noo) 


It is seen from (61.11a) that we can put Z' =R if (noma?/c”)? < 12. We also, haw 
Z"\Z' = @L/c?R = (nowa?/c?)/2 log(I/a), where L is given by (34.1). Comparing this with 
the inequality just given, we see that the range of frequencies in which the expression (61.5) 
can be used to take the self-inductance into account depends on the ratio l/a and is fairly 
narrow. 

In practice, however, the most important case is that in which the self-inductance of tht 
circuit is due mainly to coils in it, whose self-inductance is large compared with that ofan 
uncoiled wire (see §34). In such circuits formula (61.5) (i.e. equation (61.4) with constanth 
and L) can be used over a fairly wide range of frequencies. 

Let us consider a circuit in a variable external magnetic field H,, which may be generated 
in any manner. We denote by E, the electric field which would be induced by the variabe 
field H, in the absence of conductors. Both H, and E, vary only very slightly ove 
thickness of a thin wire (unlike the field of the currents in the wire). We can therefot 
discuss the circulation of E, round the current circuit without specifying the exact posit 
of the contour of integration in the wire. This circulation is just the e.m.f. £ induced 10 y 
circuit by the variable external magnetic field. By the integral form of Maxwell’s equat 


we have 














(61.12 


1 2 1 d® 61.17 
5 — = a oe H : = — — E X ( i 
&=$E,-dl Ly [Herat oe 
where ®, is the flux of the external field through the circuit. Substituting this expressio” 


equation (61.4), we obtain 
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king the self-inductance term to the right-hand side, we have 


1d, LdJ 1 d® 
Ry ee 61.14 
i c dt edt car” l ) 


jere ® = Ọ, + LJ/c is the total magnetic flux from the external magnetic field and the 
Id of the current. In this form the equation gives Ohm’s law for the whole circuit, i.e. the 
uality of RJ to the total e.m.f. in the circuit. 

The formulation of equation (61.14) as expressing Ohm’s law makes possible a 
neralization of it to the case where the shape of the circuit also varies with time. The self- 
juctance Z is then a function of time, and (61.14) becomes 


| 


RUS = (Ld) (61.15) 


deriving this from the law of conservation of energy we should have to take into account 
© the work done in deforming the conductor. 

if there are several circuits in proximity, carrying currents J,, then for each of them ®, in 
lation (61.14) is the sum of the magnetic fluxes due to all the other circuits (and to the 
ernal field, if any). The magnetic flux through the ath circuit due to the current J » 1S 
,J,/c, where La is the mutual inductance of the two circuits. We therefore have the 
lowing set of equations for the variable currents in the circuits: 


dy 


Zz (61.16) 


a’ 


1 
RJ +s) La —— 
ava c? 2 ab dt 
= Sum over b includes the self-inductance term (b = a), and &, is the e.m.f. produced in 
ath circuit by sources external to the system of currents considered. 


‘or monochromatic periodic currents, the system of differential equations (61.16) 
ames a set of algebraic equations: 


ae =a, (61.17) 
b 


re the quantities 
Zav = OaRa — Les ied 
č 


N the impedance matrix. Like (61.5), the expressions (61.18) represent the first terms in 
Xpansion of the functions Z,,,(~) in powers of the frequency. 

Should be noted that, in this approximation, the circuits have no mutual effect on the 
‘Parts of their impedances. Such an effect arises because the magnetic field of the 
able Current in one conductor generates eddy currents, and therefore an additional 
Ipation of energy, in another conductor. For linear conductors this effect is negligible, 
It may become important if extended conductors are located near them. 

inally, let us consider how the equations of variable currents in linear circuits obtained 
lis section are related to the general equations of a variable magnetic field in arbitrary 
ductors. We shall take the simple example of the current set up in a circuit when a 
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constant emf. &, is removed at time t = 0. From equation (61.4) we havet 


J =6,/R for t < 0, 


61. 
J = (6p/R)e-CRIE for t > 0. (61.19 


We see that, after the removal of the e.m-f., the current decays exponentially with time, the | 
decrement being 


y= Cony (61.20) 


If the problem is exactly formulated, this y is the smallest of the y,, obtained by solving the 
exact equation (58.10) for the conductor in question. Among the Ym for a linear conductor 
there is one, the smallest, which is less than the others by a factor of the order of log (l/a), 
and this is (61.20). 


§62. Capacitance in a quasi-steady current circuit 


A variable current, unlike a steady one, can flow in an open circuit as well as in a closed _ 
one. Let us consider a linear circuit whose ends are connected to the plates of a capacitor, 
which are at a small distance apart. When a variable current flows in the circuit, the 
capacitor plates will be periodically charged and discharged, thereby acting as sources and 
sinks of current in the open circuit. 

Since the distance between the capacitor plates is small, the magnetic energy of the 
current can again be taken as LJ?/2c”, where L is the self-inductance of the closed circutt 
which would be obtained by joining the capacitor plates by a short piece of wire. ł The only 
change in equation (61.4) is then to add to the voltage drop RJ across the resistance the 
potential difference e/C between the capacitor plates, where C is the capacitance and + e(f) 
the charges on the plates. We obtain 

Od re 
CRI a a 
The current J is equal to the rate of decrease and increase of the charges on the two plates: 
J = de/dt. Expressing J in terms of e, we have 


1 de de eœ 1) 

—L-— + R~ + (62. 

E dt C 

This is the required equation for a variable current in a circuit with a capacitance. i 
If& is a periodic function of time having frequency @, then equation (62.1) reduces tO a 


algebraic relation between & and the charge e, or between & and the current J = — ie. 
have, in fact, JZ = &, where the impedance Z is defined by 
foL 1 (62.2) 
i r-i(°F—Je). 





. - gnc 
+ Strictly speaking, these formulae are invalid for very small t, when the high-frequency terms 1n the Fo f 


expansions of the functions are important and so equation (61.4) cannot be used. During this short inter t 
time, however, the current J cannot change significantly, and so formula (61.19) gives the current at subsea 
times with sufficient accuracy. 

+ In the present section we neglect the skin effect. i 
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king real parts in the relation J = &/Z, we obtain 


Z oO | (62.3) 


J(t) = 


ch give the current in a circuit to which an external e.m.f. & = é, cos œt is applied. 
f£ = 0, the current in the circuit consists of free electric oscillations. The (complex) 
juency of these oscillations is given by Z = 0, whence 


Rc? c? Ree \* 
wW = — ra + ie — (= l (62.4) 


may have either periodic oscillations damped with decrement Rc?/2L or 
periodically damped discharge, depending on the sign of the radicand. In the limit 
R—0 we have undamped oscillations whose frequency is given by Thomsons 
yula: 


œ = ¢/./ (LC) (62.5) 
Thomson, 1853). 

quation (62.1) can be immediately generalized to a system of several inductively 
led circuits containing capacitors. The current J, in the ath circuit is related to the 
ges +e, on the corresponding capacitor by J, = de,/dt, and equation (62.1) is 
laced by the set of equations 


1 ge de 
ER aS > en S Oe 62.6 
daha aa t Rage +E = 4% eee) 


Periodic (monochromatic) currents, these give the algebraic equations 
ee a E a, (62.7) 
b 


Matrix elements Z,,, being given by the formulae 





1 Te) 
ft lake ——L,. 
ab a( a 3 wC ) c? La (62 8) 


a 


eigenfrequencies of the current system are given by the condition of compatibility of 
tions (62.7) when &, = 0, i.e. by the condition 


det |Z,,| = 0. (62.9) 
s resistances R are not zero, all the “frequencies” have a non 
lectric oscillations are therefore damped. 

should be noticed that equations (62.6) are formally identical with the mechanical 
tions of motion of a system with several degrees of freedom which executes small 
ed oscillations. The generalized coordinates are represented by the charges e,, and 


-zero imaginary part, and 
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the generalized velocities by the currents J, = de,/dt. The Lagrangian of the system iş 


1 a e,” 
Y = galat Log, tesa (62.19 
The kinetic and potential energies of the mechanical system are represented by the magnetic 
and electric energies of the current system, and the quantities &, correspond to the 
externally applied forces which cause the forced oscillations of the system. The quantities 
R, appear in the dissipative function 





R=T3R, 62. (62.11) 


Equations (62.6) are the analogues of Lagrange’s equations 


day E 
dt ô, de, @€,' 


a. 


(62.12) 





PROBLEMS 


PROBLEM 1. Determine the eigenfrequencies of electric oscillations in two inductively coupled circuits 
containing self-inductances L, and L, and capacitances C, and C,, neglecting the resistances R, and R3. 


SOLUTION. The required frequencies are determined from the condition 
det |Z,,| = Z11222 -Z =0, 


where 





w 1 w 1 iw 
aie -(S.- ), Za= Age) Se a 
Calculation gives 
„LCi + LC F V (La — Lan +40, Co by27 
i WiC =La") 


Both frequencies are purely real, owing to the fact that R, and R, have been neglected. As L,, > 0,@, and œ tend 
to yO (L,C,) and c/y/ (L,C,). These are the frequencies for the two circuits separately. 


wiz = 


. -. Pe: . . n 
PROBLEM 2. The same as Problem 1. but for a circuit consisting of a resistance R, a capacitance Canda 
inductance L connected in parallel. 


: in 
SOLUTION. Theimpedances of the three branchesare Z, = R, Z3 = i/wC.Z, = — iwL/c*,and the cura 
them are such that J, +J, +J, =0, Z, J, = Z,J, = Z3,J3. Hence we have 1/Z, + 1/Z, + Z, = 0, w 


a Je. 
w= — + — = —— |. 
2RC LC 4R?C? 


S » . . . = = x Sie . . 100 0 
PROBLEM 3. Discuss the propagation of electric oscillations m a circuit Consisting of an infinite success 
identical meshes containing impedances 


(2 1 ) w (Se 1 ) 
= — j| — — = “tt — Pia 3 
41 ie wC, i e? * aC, 


as shown in Fig. 37. Find the range of frequencies which can be propagated in the circuit without damp 











ingt 





EAEn ; _ 
+ The condition for the quasi-steady theory to be applicable to such a periodic circuit is that the dimensio” 
one mesh should be small compared with the “wavelength” c/w. 


Motion of a conductor in a magnetic field 217 





Fic. 37 

























UTION. Thecurrent in mesh « is denoted by i,, as shown in Fig. 37. Kirchhoff’s second law gives for this 
Zils + Z2(2i, —i,-1 — i441) = 0. This is a linear difference equation in the integral variable «, with constant 
ients. We seek the solution in the form i, = constant x q*, obtaining for the parameter q the equation 


(242) 
q —\2+— }q+1=0. (1) 
Z: 
—4 < Z,/Z < 0, corresponding to values of œw° lying between c?/L, C, and c?(4/C, + 1/C )/(4L, + L,). 
equation (1) has two complex conjugate roots with moduli |g] = 1. This means that the current does not 
se from one mesh to the next, i.e. the electric oscillations are propagated in the circuit without damping. 
gq = e™, where lis the length of one mesh and k is the “wave number” of the oscillations propagated in the 
, we can calculate the velocity of propagation u from the general result u = dw/dk. 

owever, co is Outside the range mentioned, equation (1) has two real roots g, and g, say: since g,g_ = 1, one 
qi, Say) is less than I in absolute magnitude, while q, is greater. It is easy to see that the propagation of 
iped oscillations in the circuit is then impossible. To elucidate the reason for this, let us consider a circuit of 
aut finite length. An initial oscillatory impulse is given to one end of the circuit, the other end being closed in 
manner. This closure corresponds mathematically to a certain boundary condition, by means of which we 
termine the ratio of the coefficients c, and c, in the general solution i, = c,g,~'4—” +.c,g,~"4—, where A 
coordinate” of the end of the circuit. This ratio is of the order of unity. As A — « increases, the second term 
solution rapidly becomes very small compared with the first term, because |g,| > L. Thus the solution is i, 
1 “9 everywhere except for a small part near the end of the circuit, and |i | decreases towards the end of 
cuit. 

hould be emphasized that this damping does not involve dissipative absorption, because there is no 
ince in the circuit; it can be imagined as being the result of reflection of the oscillatory impulse from each 
sive mesh of the circuit. 


Motion of a conductor in a magnetic field 


therto we have tacitly assumed that a conductor in an electromagnetic field is at rest in 
fame of reference K in which E, H. etc. are defined. In particular, the relation j = cE 
een the current and the field is generally valid only for conductors at rest. 

t determine the corresponding relation in a moving conductor, we change from the 
e K to another frame K’ in which the conductor, or some part of it, is at rest at the 
nt considered. In this frame we have j = cE’, where E' is the electric field in K’. The 
Known formula for the transformation of fieldst gives E’ in terms of the field in K: 


E’ = E+vxB/c. (63.1) 


f y is the velocity of K’ relative to K, i.e. in this case the velocity of the conductor, 
à we of course suppose small compared with the velocity of light. Thus we find 


j = o(E+vXB/c). (63.2) 
lis gives the relation between the current and the field in moving conductors. The 


te Fields, §24. The microscopic values of the electric and magnetic fields are replaced by their averaged 
e©—F,h=B. 
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following remark should be made concerning its derivation. In going from one frame gy 
reference to the other we have transformed the field but left the current j unaltered. Th 
correct transformation of the current density gives only terms of a higher order of 
smallness if v < c. In formula (63.2) the second term, which appears as a result of the fie 


transformation, is in general not small compared with the first term, despite the factor v/e | 


For example, if the electric field is due to electromagnetic induction from a variabk 
magnetic field. its order of magnitude contains a factor 1/c as compared with the magnetic 
field. 

The energy dissipation in a conductor when a given current flows in it cannot, of Cours. 
depend on the motion of the conductor. The rate of evolution of Joule heat per unit volume 
in a moving conductor is therefore given in terms of the current density by the same 
expression j7/o as for a conductor at rest. The expression j-E, however, is replaced by} 
P/o =j:(E+vXB/c). 

Thus, in a moving conductor, the sum E+ v x B/c acts as an “effective” electric field 
producing the conduction current. Hence the e.m-f. acting in a closed linear circuit C js 
given by the integral 


€ = §(E+vxB/c)-dl. (633) 
C 


This expression can be transformed as follows. According to Maxwell’s equation, 
curl E = — (1/c)éB/ct, and so 


E-an = [ewi E-at = oe [Bar 
côt 
S 


C S 


or, denoting by ® the magnetic flux through the surface S, which spans the circuit C, 


1 / co 
Pedi =|) 
f g (a 


The time derivative with the suffix v = 0 denotes the rate of change of the magnetic flux due 


to the time variation of the magnetic field, the position of the contour C remaining | 


unchanged. l 
In the second term in (63.3), we put v = du/dt, where duis an infinitesimal displaceme® 
of the circuit element dl. Then 


§vxB-di = $duxB-di/dt = — $ B-df/dt, 
C C 


. > 4.99 P i së 
where df = du xd1 is an element of area on the “side” surface between two infinitely clo | 
positions C and C’ of the current circuit, which it occupies at times t and t + dt (Fig. F 
Since the total magnetic flux through any closed surface is zero, the flux through the 


Sete : È 5 2 5 netit 
+ Itis seen from this formula that the additional heat evolved in time ôt in a conductor moving 1N 4 mag 


field is 
ôt fj- y x BdV/c = — fõu -jx BdV/c, 


where 5u = vot is the displacement in time ôr. This expression 1S equal and opposite to the work done on 
conductor in time ôt by the volume forces f = j x B/c. This explains the apparent contradiction mentioned 1m 


i 
| 
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ce must evidently equal the difference of the fluxes through surfaces spanning C and 


$ vxB-di = — (2D/ôt)g = constant > 

C 

re the time derivative denotes the rate of change of the magnetic flux due to the motion 
he conductor in a constant field. 

dding the two terms, we have finally 


E = — (1/0) dð/dt, (63.4) 


re the time derivative now denotes the total rate of change of the magnetic flux through 
moving circuit. Thus the expression (63.4), which is Faraday’s law, is valid whatever the 
on for the change in the magnetic flux, whether variation of the field itself (already 
ussed in §61, formula (61.13)) or motion of the conductor. 

a static magnetic field, the change in the flux may be due entirely to the motion of the 
lit. If the circuit moves in such a way that every point of it moves along a line of force, 
the flux through the circuit does not vary. This is an obvious result of the fact that the 
netic flux through any closed surface is zero, and the flux through the side surface 
ibed by the moving circuit is in this case identically zero (since B, = 0 on this surface). 
Swe can say that, to induce an e.mf., the conductor must certainly move so as to cross 
5 of magnetic force. 

he electromagnetic field in a moving conductor is given by the equations 


curl E = — (i/c)éB/ct, 
curl H = 4xj/c = (4no/c) (E+ v x B/o), (63.5) 


divB = 0. 


ns E in terms of H by means of the second equation and substituting in the first, 
btain 





(63.6) 


OB £ 
PE curl (v x B) = -pm ( 1E), 


f homogeneous conductor with constant conductivity o and constant magnetic 
heability p, we have 


c? 





cH 
a curl (v x H) = AH, div H = Q. (63.7) 


4nop 


še equations generalize those obtained in §58. 
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It should be pointed out, however, that, if there is only one conductor moving asa whok 
(without change of shape) in an external magnetic field, then the solution of the problem; 
considerably simplified if we use a system of coordinates fixed in the conductor. In thi 
system the conductor is at rest, and the external field varies with time in a given manner, ¢ 
that we return to the eddy-current problems discussed in §59. This possibility does ng 
depend on Galileo’s (or on Einstein’s) relativity principle, since the new system gp 
coordinates is in general not inertial. The equivalence of the problems results from the 
above-mentioned fact that the electromagnetic induction is independent of the cause of the 
change in the magnetic flux. This equivalence can also be demonstrated mathematically, To 
do so, we expand the expression curl (v x B), using the facts that div B = 0 and (for motion 
of the body as a whole) div v = 0 (i.e. the body is incompressible). Then the left-hand sidegf 
equation (63.6) becomes 






ôB/ôt + (v- grad)B — (B- grad)v. (63.8) 


This sum is just the time derivative of B with respect to axes fixed in a rotating body. For 
the sum of the first two terms is the “substantial” time derivative (derivative following the 
motion) dB/dt, which gives the rate of change of B at a point moving with velocity v. The | 
third term takes into account the change in the direction of B relative to the body; it 1s zero 
for pure translation (v = constant) and equals — 82 x B for rotation (Y = Q xr, where Qis 
the angular velocity). 

To conclude this section, let us consider the phenomenon of unipolar induction, whieh 
occurs when a magnetized conductor rotates. If a stationary wire is connected to the 
rotating magnet by means of two sliding contacts A and B (Fig. 39) then a current flows in 
the wire. It is not difficult to calculate the e.m.f. which produces the current; the simplest 
procedure is to use a system of coordinates rotating with the magnet. If is the angular 
velocity of rotation of the magnet, then in the new system the wire rotates with angular 
velocity —Q, while the magnet is at rest. Thus we have a conductor moving in a given 
static magnetic field B due to a fixed magnet. We neglect the distortion of the field by the 
wire itself. According to formula (63.3), the e.m.f. between the ends of the wire 1S 


ga [vea | Bxex-an, (63.9) 
c c 
ACB ACB 


taken along the wire. This is the required solution. 


2 





Fic. 39 
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PROBLEMS 





















BLEM 1. Determine the magnetic moment of a conducting sphere (with p = 1) rotating uniformly in a 
m Static magnetic field, and the torque on the sphere. 


UTION. Let the external field have components §,, 0, 6, in a fixed system of coordinates with 
xis in the direction of the angular velocity vector Q. In a coordinate system €, n, z which rotates with the 
~ the field components are Ñ; = H, cosQr, H, = — §, sinQt, §,, or, in complex form, H; = He “", 
J me i $- 


s variable fields with frequency Q act along the č and 7 axes, and the magnetic moment which they induce is 


M = Vrela H) = VH (a cos Qt +a” sin Or), 
M,=Vre(ah,) = VH, (— g sin Qt +ga” cos On), 


Va is the complex magnetic polarizability of the sphere, which has been determined in §59, Problem 1. 
the z-axis, on the other hand, the magnetic field is constant, and therefore causes no magnetic moment 
= 1). The components of the magnetic moment in the fixed system of coordinates are M, = Væ §,, 
Va" H, M- = 0. Thus in this problem g' and a” give the components of the magnetic moment of the sphere 
tively parallel and perpendicular to the plane of the vectors Q and $. 


torque on the sphere is K = M x $. Its components relative to the fixed axes are 
K, = Vo" §,9,,  K,= —Vo'$,.§,, K,= —Va"§,?. 


above reduction of the problem ofa sphere rotating ina field to that of a sphere at rest in a variable field is 
ly natural, in view of the comment at the end of the solution in §59, Problem 1. An interesting feature of the 
py is that, as the frequency w of the variable magnetic field increases, the field is squeezed out of the sphere: in 
mit w > œ, all the lines of force pass round the sphere, not through it. In a similar way, a magnetic field 
dicular to the axis of rotation is squeezed out of a rapidly rotating sphere. 


BLEM 2. Determine the e.m.f. due to unipolar induction between the pole and the equator (Fig. 39) of a 
miy magnetized sphere rotating uniformly about the direction of magnetization. 


UTION. When the sphere rotates about its direction of magnetization, it generates a static field, and, 
D Currents flow within the sphere, we find from (63.6) that curl (v x B) = 0. Hence the integral of v x B along 
sed contour OACBO (Fig. 39) is zero, and so the integration along ACB in formula (63.9) may be replaced 
‘along the path AOB, which lies inside the sphere. The integral along the segment AO of the axis of rotation 
Since £? and r are parallel; the integral along the radius OB gives, since B and Q are parallel within the 


1 
&= T | Borar = ByQa?/2c, 
0 


a is the radius of the sphere and Bo the magnetic induction in it. In a uniformly magnetized sphere (in 
e of an external field) the induction is related to the magnetization by Bo +2H = 0 (cf. (8.1)) and 


: g whence Bo = 87M /3. In terms of the total magnetic moment M of the sphere we have finally 
M jca. 


= i 
17 — 
c= 


A S 3. Determine the total charge which flows along a closed linear circuit when the magnetic flux 
= tbe circuit changes for any reason from one constant value (® 1) to another (®,). 


Lig 


MON. The required total charge is the integral 


co 


foa 


~œ 


Y(t) is the induction current in the circuit. Mathematically, this integral is the Fourier component of the 
M J (t) that has the frequency w = 0. It is therefore related to the corresponding component of the e.m.f. by 


| ca=zo | J dt; 


— %0 
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see (61.3). Putting Z(0) = R, where R is the resistance of the circuit to a steady current and £ = —(I/c)d@ là 
we have 


1 






$64. Excitation of currents by acceleration 


In discussing the motion of a conductor in §63 we have neglected possible effects of the 
acceleration, if any. The accelerated motion of a metal, however, is equivalent to the action 
of additional inertia forces on the conduction electrons. If ¥ is the acceleration of the 
conductor and m the mass of the electron, then the force on an electron is — mv. It affects 
the electron in the same way as an electric field mý/e, where —e is the charge on the 
electron. Thus the effective electric field on the conduction electrons in an accelerated 


metal is E = E + mi/e. (64.1) 





The current density is accordingly 

j= oF = o(E+mv/e). (64.2) 
Expressing E in terms of E’ from (64.1), we substitute in the equation 

curl E = — (1/c)¢H/ct | 


(as usual, we put u = 1). Then 


H 
curl EF’ = ——— + a curl v. (64.3) 
c Ot e 


We write v as a sum v = u +Q xr, where u is the translational velocity and Q the angulati 
velocity of rotation of the body. Differentiating with respect to time, we find the 
acceleration to be ý = 84+ Q2xv4+OQxr= 040 xu4+Qx(Qxr4+Q xr. The first wo 
terms are independent of r, and therefore give zero on differentiation with respect to the 
coordinates. The third term can be written as Q x (Q xr) = —} grad (Q xr)’, and its curl 
is therefore zero. Finally, curl (Q xr) = 2Q. Thus, substituting for ¥ in equation (64.3), We 
have curl E’ = — (1/c)@H/ét + 2mQ/e or 


Lon’ (644) 


where 
S 
H’ = H —2mcQ/e. (64 


a -qif H 

Since Q is independent of the coordinates, the equation curl H = 47j/c 1s still valid if | 

is replaced by H’: e 
curl H’ = 4zcE'’ /c. (646 


Eliminating E’ from equations (64.4) and (64.6), we obtain for H’ the equation 
AH’ = (470/c?)ðH' ât, (64 


which is the same as the equation for H in a conductor at rest. 
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utside the body, the field satisfies the equation AH = Q (the wavelength being 
nosed large compared with the dimension of the body), and H’ satisfies the same 
aton. 

inally, on the surface of the conductor H’, like H, is continuous. The only difference is 
ne condition at infinity, where H tends to zero but H’ tends to the limit — 2mcQ2/e. 
hus the problem of determining the variable magnetic field H near a non-uniformly 
fing body is equivalent to that of determining the field H’ near a body at rest in a 
form external magnetic field 








































H= —2mcQ/e. (64.8) 


required field H® outside the conductor is obtained by subtracting $ from the 
tion H’ of this latter problem. 

he magnetic field thus produced, like any variable field, induces electric currents in the 
juctor itself. In a simply-connected body, these currents appear in the form of a 
netic moment. In a non-uniformly rotating ring, the effect appears as an e.m.f.—the 
jart-Tolman effect. 

lisunderstanding may arise from the appearance of the angular velocity & itself, and 
its time derivative, in formula (64.8). We may therefore emphasize that the above 
ission, and therefore the significance here attached to the quantity (64.8), pertain only 
lon-uniform rotation. When © is constant, equation (64.7) with the appropriate 
ndary condition at infinity is identically satisfied by H’ = $, and the definition (64.5) 
gives H = 0. The magnetic field which arises from the gyromagnetic effect (§36) in 
orm rotation is a small quantity which is here neglected. 

he derivation has also ignored the deformation of the body which results from non- 
rm rotation. It can be seen that including this deformation would not affect the result 
> Characteristic time of variation of the angular velocity is (as we assume) much longer 
| the relaxation time of the conduction electrons in the deformation: the electric 
ent in the conductor is due to the gradient of ¢ + ¢o/e, where ¢ is the field potential 
ĉo the chemical potential of the conduction electrons (see §26). A non-uniform 
mation produces a gradient of C,, but this is compensated by the electric field which 
its from the thermodynamic equilibrium condition ef + ¢, = constant. 


PROBLEMS 


oe” I. Determine the magnetic moment of a non-uniformly rotating sphere with radius a. The rate of 
PN is assumed so small that the penetration depth ô > a. 


ATION. The magnetic moment of the sphere in the field H(t} (64.8) is. = VaS, where & is an Operator 
“action on the Fourier components of the function H(t) is given by the formulae of §59, Problem 1. For the 
Pnents with frequencies w such that 6 > a we have . = Va(w)$ = — 4nmascin®/15ce. This formula 
Written . = (4nma*o/15ce) dQ/dt, does not contain w explicitly, and is therefore valid also for the 
ONS f (t) and 92(t) themselves, as well as their individual Fourier components (on the assumption that the 
€r expansion contains chiefly terms whose frequencies satisfy the above condition). 


SBLEM 2. Determine the total charge which flows along a thin circular ring when it ceases a uniform 
On about an axis perpendicular to its plane. 


TION. Inthe formula obtained in §63, Problem 3, ® must be taken as the flux of the field H (64.8). The 
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total charge transferred when the angular velocity changes from Q to zero is 





| Jdt = — Qnb? = 


where b is the radius of the ring and V its volume. 
PROBLEM 3. Determine the current in a superconducting circular ring which ceases to rotate uniformly. 
SOLUTION. From thecondition that the total magnetic flux through the ring be constant (see (54.5) ), we have 
2mc? mc7bQ 
J= Qnrb? = —____—__——_.. 
eL 2e [log (8b/a)— 2] 





See the third footnote to §54 concerning the value of L. 


CHAPTER VIII 


MAGNETOHYDRODYNAMICS 


§65. The equations of motion for a fluid in a magnetic field 


IF A conducting fluid moves in a magnetic field, electric fields are induced in it and electric 
currents flow. The magnetic field exerts forces on these currents which may considerably 
modify the flow. Conversely, the currents themselves modify the magnetic field. Thus we 
have a complex interaction between the magnetic and the fluid-dynamic phenomena, and 
the flow must be examined by combining the field equations with those of fluid dynamics. 

The applications of magnetohydrodynamics cover a very wide range of physical objects, 
from liquid metals to cosmic plasmas. We shall not discuss here the specific conditions that 
exist in various particular objects, but simply mention that for magnetohydrodynamics to 
be strictly applicable it is of course necessary that the characteristic distances and time 
intervals for the motion in question should be much greater than the mean free path and 
mean free time of the current-carriers (electrons or ions). In some cases, however, 
equations that are formally identical with those of magnetohydrodynamics in an ideal 
fluid may describe also the motion of a medium with a long mean free path. Such a 
situation occurs, for example, in a non-equilibrium plasma in which the electron 
temperature considerably exceeds the ion temperature (cf. PK, §38). 

The magnetic permeability of the media considered in metnetohydrodynamics differs 
only slightly from unity, and the difference is unimportant as regards the phenomena 
under discussion. We shall therefore take p = 1 throughout the present chapter.7 

Let us first set up the equations of magnetohydrodynamics for conditions such that all 
dissipative processes may be neglected, i.e. for an ideal fluid. This means that no account is 
taken of viscosity and thermal conduction, or of the finite electrical conductivity o of the 
medium, which is regarded as being indefinitely great. 

Putting o > œ in equations (63.7), we write 


div H = 0, (65.1) 
OH/ct = curl (v x H). (65.2) 

The equations of fluid dynamics are the equation of continuity 
ôp/ôt + div (pv) = 0, (65.3) 


where p is the fluid density, and the Navier-Stokes (Euler) equation 
ô 1 f 
= + (v grad) = Poon 


+ Inthe literature on magnetohydrodynamics, the magnetic field under these conditions is often denoted by B 
to emphasize that it is the averaged microscopic field, h = B. We shall here use the notation H, however, for the 
sake of uniformity with the other chapters, in which non-magnetic media are discussed. 
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where f is the volume density of the external (in this case, electromagnetic) forces. By 
formula (35.4) we have f = j X H/c = (curl H) x H/4z. Thus the equation of motion Of the 
fluid is 

OY (v-grad | srad P———H xcurl H (6 

— -grad)v = —— _—— rl H. 

ot Brae p oe 4p x 54) 


To these equations we must add the equation of state 


which relates the pressure, density and temperature of the fluid, and the equation of 
conservation of entropy, which expresses the fact that the motion is adiabatic in the 
absence of dissipation: 

ds/dt = ĝs/ôt + v - grad s = 0, (65.6) 


where s is the entropy per unit mass of the fluid and d/dt = ĉ/ôt + v -grad denotes the | 
“substantial” derivative giving the rate of change of a quantity at a point moving with the 
fluid particle. Equations (65.1)}-(65.6) form a complete system of equations of magneto- 
hydrodynamics for an ideal fluid. 

The Navier-Stokes equation can be written (using the equation of continuity) in a form 
expressing the law of conservation of momentum: 


O(pv)/6t = — OM y/Ox, (65.7) 


where TM; is the momentum flux density tensor (see FM, §7). In the absence of external 
forces, I, = pvp; + Pô Transforming the last term in (65.4) by means of H x curl H 
= l grad H? —(H-grad)H, and div H = ĉH,/ ôx, =0, we have in magnetohyđdro- 
dynamics 

Tj, = pvjry+ Pdy,— (HiH, — bH  ôi)/47. (65.8) 


The added term is the Maxwell stress tensor, as it should be. 
The equation of conservation of energy in ordinary fluid dynamics is 


ĉ(4pr? + pe)/ôt = —divq, 
where 
q = pyt’ +w); 

g and w = £ + P/p are respectively the internal energy and heat function per unit mass of 
fluid; this necessarily follows from the equation of motion (see F M, §6). When a magnetit 
field is present in the conducting medium, the energy density includes also the magnetit 
energy H?/8x, and the energy flux density includes also the Poynting vect 
S = cExH/4z. Expressing E in the latter in terms of H by 


E = —vXH/c, (65.9) 


-an di 
which follows from (63.2) when o > œ and j is finitețt, we find that the equation © 
conservation of energy in magnetohydrodynamics is 


H? 0) 
© (4ov? + p04 Fe | = =e (65. 





me 


j 





+ This expression corresponds to a zero field E’ (63.1) in a frame of reference moving with the fluid vol¥ 
element concerned: in a perfectly conducting medium, the electric field is completely screened. 
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are the energy flux density is 
q = pv(4u? + w) + H x (v x H)/4z. (65.11) 


s not difficult to verify this by direct calculation. 
[he above equations of magnetohydrodynamics are based on neglecting the displace- 
at current in Maxwell’s equations. We thus assume that 


(1/c) |CE/éet| < |cur! HI|. (65.12) 
sessing E in terms of H by (65.9) then gives 
vl/c*t < 1, (65.13) 


sre land 7 are length and time parameters characteristic of the motion concerned. From 
2), l/t ~ v, and we then find from (65.13) the condition v < c: the motion must be non- 
tivistic (as we have assumed from the start). Equation (65.4) gives pu/t ~ H7/I; in 
{bination with (65.13), this yields a condition on the magnetic field: 


Hse pc. (65.14) 


t should be noted that the left-hand side of (65.10) does not include the electrical energy 
8r, and that of (65.7) does not include the electromagnetic field momentum S/c?. This 
| necessary consequence of neglecting the displacement current. The smallness of the 
trical energy in comparison with the magnetic energy corresponds to the inequality 
vH/c < H, and that of S/c? ~ EH/c ~ vH?/c? in comparison with pv corresponds to 
inequality (65.14). 

et us return to the equation (65.2), which has an important physical interpretation 
Alfven, 1942). We expand the right-hand side, using the fact that div H = 0: 


OH/ct = (H - grad) v — (v- grad)H — H div v. 

































stituting from the equation of continuity (65.3) 


icp v-gradp 


div v = — 
1V V Ries - 
Obtain after a simple rearrangement of terms 
0 H dH H 
(5+ v graa) aa = (= grad Jv (65.15) 


Us now consider some “fluid line”, i.e. a line which moves with the fluid particles 
Posing it. Let 61 be an element of length of this line; we shall determine how 61 varies 
time. If v is the fluid velocity at one end of the element 61, then the fluid velocity at the 
1 end is v + (61 - grad)v. During a time interval dt, the length of 51 therefore changes 
lt(ô1 - grad)v, i.e. d(61)/dt = (51 - grad)v. We see that the rates of change of the vectors 
ind H/p are given by identical formulae. Hence it follows that, if these vectors are 
ally in the same direction, they will remain parallel, and their lengths will remain in the 
€ ratio. In other words, if two infinitely close fluid particles are on the same line of force 
hy time, then they will always be on the same line of force, and the value of H /p will be 
DOrtional to the distance between the particles. 

assing now from particles at an infinitesimal distance apart to those at any distance 
rt, we conclude that every line of force moves with the fluid particles which lie on it. We 
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can picture this by saying that (in the limit ø — oo) the lines of magnetic force are “froze, 
in the fluid and move with it. The quantity H/p varies at every point proportionally to the 
extension of the corresponding “fluid line”. If the fluid may be supposed Incompressib), 
p = constant, and the field H varies as the extension of the lines of force. 

These results can be viewed in another way: as any closed fluid contour moves about in 
the course of time, it cuts no line of force. This means (cf. §63) that the flux of the magnetic 
field through any surface spanning the fluid contour does not vary with time. 


§66. Dissipative processes in magnetohydrodynamics 


In ordinary fluid dynamics the dissipative processes are governed by three quantities 
namely two coefficients of viscosity and the thermal conductivity. In magnetohydrody. 
namics the number is considerably greater. both because new electrical quantities occur, 
and because there is at each point a distinctive direction, that of H, which makes the fluid 
no longer isotropic. We shall, however, take only the simple case where al! the kinetic 
coefficients may be regarded as constant throughout the medium, and ın particular aş | 
being independent of the magnitude and direction of the magnetic field. There is then only 
one quantity, the electrical conductivity a, to be added to the usual viscosity coefficients y 
and ¢ and the thermal conductivity x.t 

The assumption that the kinetic coefficients are independent of the magnetic field 
implies that certain conditions are satisfied which considerably restrict the range of validity 
of the equations in comparison with that of the equations of magnetohydro- 
dynamics for an ideal fluid. The mean free path of the current-carriers must be much less _ 
than the radius of curvature of their orbits in the magnetic field; that is, the collision 
frequency must be large compared with the Larmor frequency of the carriers. This 
condition is not satisfied in a highly rarefied medium or in a strong magnetic field.t | 

When viscosity and electrical conduction are taken into account, equation (65.2) i$ | 
replaced by the complete equation (63.7): 


0H/ôt = curl (v x H) + (c?/4n0) AH, (66.1) 


and equation (65.4) by the (complete) Navier-Stokes equation 


0 1 1 ' 1 
are (v grad)v = —— grad P+ Ayi (¢ +47) grad div v -—— H x curl H. 
Ct p p p Arp 662 


Equation (66.1) does not involve the viscosity, and so the “freezing” of the lines of fore? a 
o > œ continues to occur even in a viscous perfectly conducting fluid. Eo 

The adiabatic equation (65.6) is replaced by the equation of heat transfer. In ordinal? 
fluid dynamics the latter is 


Cu; 
pT B +v-grad s | = gi + div (k grad 7): 
Ot Xi 


mediv® 


+ The relation between the current and the electric field in a thermodynamically non-uniform onstat 


isotropic at every point involves also the thermoelectric coefficient a ( §26). However, if this coefficient 1s € 
it does not appear in the equations of motion. ! 

t The problem of the equations of magnetohydrodynamics in a plasma where these conditions are not sat! 
is dealt with elsewhere; see PK, §§58, 59. 


sfied 
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FM, §49. The left-hand side of the equation is the quantity of heat generated per unit 
ye and volume in a moving fluid particle. The right-hand side is the energy dissipated per 
it time and volume. The first term is due to viscosity; o;, is the viscous stress tensor: 





Ov, v l 
oach ( -4+ n — 46, div v) + C6, div v. 
e second term gives the dissipation due to thermal conduction. In a conducting fluid, a 
m giving the Joule heat must be added. The rate of evolution of this heat per unit volume 
j7/o = (c?/16n*o)(curl H)?. The equation of heat transfer in magnetohydro- 
namics is therefore 

2 


Os _ Ov; c a 
pT a tv'erads = Ons tKA P+ sea (curl) ; (66.3) 
k 


[he momentum flux density tensor contains in addition the viscous stress tensor: 
il, == pPU:Uk + Pô aA Dai a (H,H, —4H76,,)/4n. (66.4) 
e heat flux density is now 


c? 


16x70 





I 
q= pv(5v7 + w)—(vo’)—x grad T+ 4, AX OM H x curl H, (66.5) 
js 
ere vo’ is a vector whose components are o’,,v,. This includes extra terms due to 
cosity, thermal conduction and electrical conduction, the last of which is obtained by 
Stituting in the Poynting vector the field E from (63.2): 


E = j/o—vxH/c 

= (c/4nc) curl H — v x H/c. (66.6) 
[he equations are somewhat simplified if the moving fluid can be supposed incom- 
ssible. The equation of continuity then reduces to div v = 0, and in equation (66.2) the 
lultimate term is zero. We shall write out here the appropriate system of equations (in 


lations (66.1) and (66.2) it is convenient to transform the terms curl(v xH) and 
‘curl H by means of the appropriate formulae of vector analysis): 


divH=0, divv=0, (66.7) 
CH/ct + (v - grad)H = (H - grad)jv + (c7/4x0) A H, (66.8) 


Cy 1 H? 1 
ap + (v-grad)v = —— grad (r + =) +—§ (H-grad)H+ vA vy, (66.9) 
p 87 np 

ere v = n/p is the kinematic viscosity. Equation (66.3) is not needed in solving the 
Dblem of incompressible flow unless we are interested in the temperature distribution. 
in ordinary fluid dynamics, the Reynolds number describes the role of viscosity terms in 
equations of motion, in relation to the convection terms: R = ul/v, where land u ~ l/t 
the characteristic parameters of length and velocity for a particular motion of the fluid. 
magnetohydrodynamics, we can supplement this by the magnetic Reynolds number 


R,, = ul/V m, Vv, = c7/4xc, (66.10) 


hich describes the role of the conduction term in equation (66.1). This term is analogous 
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to the term vv in the Navier-Stokes equation, and v, acts as a “diffusion coefficient” „p 
the magnetic field. When R,, > 1, this term may prove to be negligible. However, there is ng 
general answer to the question of when in fact dissipative processes in the fluid may p, 
neglected, since the relevant conditions depend greatly on the nature of the motion and are 
for instance, completely different for steady and non-steady flows. | 

In the opposite limiting case of a poorly conducting fluid, R„ < 1, the equations of 
magnetohydrodynamics can be considerably simplified (S. I. Braginsku, 1959). The reason 
is that in this case the magnetic field is only slightly perturbed by the motion of the fluid, Jy 
the unperturbed field $ is independent of time (as we shall assume), the change H’ in this 
field in the moving fluid may be estimated by comparing the two terms on the right of 
(66.1): curl (vx $) ~ v,, AH’, whence H’ ~ R,, , and when R,, <1 we in fact haw 
H’ & $H. Neglecting this change, we can suppose that the magnetic field H is the same as the 
field $ that would result from the external sources in vacuum. Since $ is constant, curl E 
= —(1/c)¢$/ct = 0, i.e. the electric field has a potential: E = — grad @. An equation for | 
the potential ¢@ can be derived from divj = 0, which is satisfied identically when the 
displacement current is neglected (i.e. because of the relation curl H = 47j/c). Substituting 
the current density j= o(— grad@+vx$/c) and noting that curl $=0 for the 
unperturbed field, we find (if o = constant) 


Ad = H'curl v/c. (66.11) 


The second equation is the Navier-Stokes equation 


ô i 
a; + (V grad)v = — grad P+vAv+f (66.12) 
p 


(for an incompressible fluid), in which the volume density of external forces is 
f= jxH/c 
= (o/c) [Hx grad ġ + H x (HXv)/c]. (66.13) 
Equations (66.11)—(66.13) are the appropriate ones for this case. 


§67. Magnetohydrodynamic flow between parallel planes 

An instructive example of the magnetohydrodynamic flow of a viscous conducting fluid 
occurs in steady flow in the space between two parallel solid planes when a uniform 
magnetic field § is applied perpendicular to the planes (J. Hartmann, 1937). This 1s the 
simplest analogue of Poiseuille flow in ordinary fluid dynamics. _ 

It is natural to assume that the velocity of the fluid is everywhere in the same directii 
(which we take as the x-direction), and depends only on the coordinate z (whose direction f 
perpendicular to the planes). The same is true of the longitudinal field H, which resu a 
from the movement of the fluid. The pressure P, however, depends on x also, because the j 
must be a pressure gradient in the direction of the motion in order to maintain a “7 i 
flow. The equation div v = 0 is satisfied identically, and from div H = O it follows t 
H, = constant = §. The z-component of (66.9) shows that P + H,7/8z is a function o 
only. Since H, is independent of x. the pressure gradient dP/dx might be a function 0 
alone, but actually (because of the uniformity in the x-direction) it is a constant — Af! 
(where AP is the pressure drop over a distance D). i 
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he x-components of (66.8) and (66.9) give 


di cal aso 








OP Ne _0. 67.1 
Da 4no dz? er) 

d?v §dH 
— +——+= = — 7.2 
"452 + sae constant AP/I (67.2) 


boundary conditions on the solid surfaces are that the velocity of the viscous fluid be 
and that the tangential component of the magnetic field be continuous: 


t= 0 Au = Oeitor. 7 = +2: 


re 2a is the distance between the solid planes and z = Olies half-way between them. The 
tion of (67.1) and (67.2) which satisfies these conditions is 


___ cosh (a/ô) — cosh (2/6) 5 c jn 
” = to “cosh(a/d)—-1 SS? 


4n 7 ( (z/a) sinh (a/6) — sinh (z/ô) 
Trog Ve) comet 


(67.3) 
H 


x 


constant v, is the velocity of the fluid in the medial plane z = 0. Its relation to the 
sure gradient may be found by substituting (67.3) in (67.2). The velocity averaged over 
Cross-section is 


ô 
a vaz =$ E (conn, 2) (67.4) 
n 


he effect of the magnetic field on the flow, in comparison with that of the viscosity, is 
ribed by the quantity 
G = a/ô = (aS/c),/ (0/n), (67.5) 


Q the Hartmann number. When G < 1 we have 
v = vo(l — z?/a°), © = (AP/Na?/3n, (67.6) 


lis, ordinary Poiseuille flow. When G > 1, 


v= tol -exp( - z] D a 5 -A (67.7) 


n the magnetic field increases, the velocity profile is flattened over the greater part of 
Cross-section, and the mean velocity is reduced (for a given pressure gradient); the 
rease in the velocity occurs mainly in layers of thickness ~ 6 near the planes. 

he motion of the fluid gives rise to an electric field in the y-direction. Since the 
ion is steady, curl E = 0, and hence E, = constant. The current density in the fluid 
=a(E son §/c). The total current through a cross-section of the fluid is zero: since also 





ee 
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Jy = (c/4n) (curl H),, we have 


= Z [H,(a)—H,(—a)]= 0. 


Hence 
| ina = 2asE,—~§ | vdz = 0, 
and so i A 
E, =09/c. (67.8) 


§68. Equilibrium configurations 


The equilibrium of a perfectly conducting fluid (referred to here for clarity as a plasma) 
at rest in a constant magnetic field is described by the equations 


grad P = jxH/c, (68.1) 
j = c curl H/4z7, (68.2) 
div H = 0. (68.3) 


The first of these is equation (65.4) with v = 0 and written in terms of the electric current 
density, which is related to the magnetic field by Maxwell’s equation (68.2). In the present 
section, we shall consider some general properties of equilibrium configurations derivable 
from these equations, but without entering into the complex and manifold problems of the 
stability of such configurations.} 

Scalar multiplication of (68.1) by H and by j gives 


(H-grad)P=0, (j-grad)P =0; (68.4) 


that is, the pressure gradient is zero along the lines of magnetic force and along the current 
lines. Thus both sets of lines lie on surfaces 


} 
P(x, y, z) = constant, (68.9 
called magnetic surfaces. In principle, every magnetic surface could be the boundary of an 
equilibrium configuration.t 
The equilibrium equations (68.1), (68.2) can also be put in the form 
6) 
OM, /@x, = 0, Wy, = Pô — (HiH, —2H75;,)/47 (68 


l y 8). 
if we start from the equation of motion in the momentum conservation form (65.7), a 
We multiply this equation by x,, and integrate over some volume bounded by ac 


ee , : tsev: 
+ The main results on this subject (within the scope of magnetohydrodynamics) are given by B. B. Kadom 
Reviews of Plasma Physics 2, 153, 1966. paene a en nt 
t The pressure P is determined by equations (68.1) and (68.2) only to within an arbitrary additive consta 
Hence any of the magnetic surfaces can be P = 0. 
d 
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face. Integration by parts givest, since Cx,/Cx; = 6, 


(Tiedt =A Tex dy (68.7) 
Op substitution of IE, from (68.6), this equation becomes 
$ (3P + H?/8x)dV = $ {(P+H?/8n)r—(H -r)H/4r} -df (68.8) 
















Chandrasekhar and E. Fermi, 1953). 

st the plasma occupy some finite volume outside which P = 0, and let there be no fixed 
sources (rigid current-carrying conductors) outside it. Then the field far from the 
ma decreases as | /r*, and, if the integration is taken over all space, the surface integral 
ro. The integral of the positive quantity 3P + H? /87 cannot, however, be zero. It is 
sfore not possible for an equilibrium configuration bounded in space to exist without 
g maintained by a magnetic field from external sources; when such sources are present, 
ight-hand side of (68.8) becomes an integral over their surfaces, and the condition can 
rinciple be satisfied (V. D. Shafranov, 1957). 

t us consider the simplest unbounded configuration, a cylindrical plasma pinch of 
mited length and uniform along its length. In cylindrical polar coordinates r, œ, z, with 
-axis along the pinch, all quantities depend on the radial coordinate r only. The radial 
ponent H, must be zero, since otherwise it would become infinite as r— 0, in 
rdance with the equations 


Id 
divH = —-—(rH,)=0, H,=constant/r. 
rdr 
Same is true of j, because of the equation div j = 0 which necessarily follows from 


i€ components of equation (68.2) give 


c dH c d 


j= -gn ar? P5 dar dr Ho 





n the second of these, 


H= 2J(r)/cr, J(r)= | ja- 279 dr. (68.9) 
0 


1 €quation (68.1) becomes 


dP 1) dr) 1 dH? 
Gr inch? dr * 8m ar a 







P particular cases can occur here which are significantly different. In one, the z pinch, 
d 0 and j, = 0. Multiplying (68.10) by r° and integrating with respect to r from zero to 
4 nch radius a, with the boundary condition P(a) = 0, we find as the equilibrium 
ition 


a 


| P(r) + 2nr dr = J?(a)/2c?. (68.11) 


oO 


This derivation is similar to the familiar derivation of the virial theorem (Fields, §34). 


en 
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where J(a) is the total current through the pinch (W. Bennett, 1934). The equilibrium 
configuration is here contained by the field of the longitudinal current. 
In the other case, the theta pinch}, H, = 0 and j, = 0. In this case, we have from (68, 10) 


P + H,?/8x = §?/8n, (68.1 


where $ is the longitudinal magnetic field outside the pinch. Here the plasma is containeg 
by the external longitudinal field. 

In an arbitrary space-bounded axially symmetric configuration, the radial component, 
H, and j, may be non-zero (a toroidal configuration). Moreover, all quantities may they 
depend on z as well as on r. 

Equations (68.1)—(68.3), written in components, are 





JgH,—j,H, =cP/er, j,Hy—j,H, = c0P/éz, jH, =j, H, (68.13) 
S c OH, ee a Sct OH, oH, (68.1 
Jr 4n Oz’ Jz = 4rr Or raeh Ie = 4n\ oz Cr }° 

ee eG (68.15 
=F —— =|). 5 
r Or r) Oz 


A consequence of these equations, which is already evident from the vector form (68.1), is 
that if the current density distribution is azimuthal (j, = j, = 0,j, # 0) the magnetic field is 
meridional (H; = 0). If the magnetic field is azimuthal, a stronger conclusion is possible: 
not only is the current density meridional, but the whole equilibrium configuration must be 
az pinch (j, = 0, H ¿and j, independent of z), as is easily seen by eliminating P from the first 
two equations (68.13) and then using the other equations. 

Equations (68.13)-(68.15) can be reduced to a single equation in the following way 
(V. D. Shafranov, 1957; H. Grad, 1958). We define the quantities 


W(r,z)= [a -2nrdr, J(r,z)= | j,°2nr dr, (68.16) 
0 0 


the magnetic flux and total current through a circle of radius r perpendicular to the z-axis 
From these definitions and the equations div H = 0, div j = 0, we find the meridiona 
components of the field and the current density: 


1 o 1 2 
i ee ere 
2nr OZ 27r Cr (68.17 
1 ðJ 1 oJ 


Je = a ET Jz Tease 


These expressions show that the gradients of y and J are orthogonal to the line of magne 
force and the current line respectively. In view of the discussion of the surfaces (68.5) aa 
beginning of this section, we can conclude that y and J are constant on the ue 
surfaces, and therefore any two of y. J and P can be expressed as functions of the t 


+ The name comes from the angle in cylindrical polar coordinates. which is often denoted by 8. i 
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e. In particular, 




































P = P(W), J = J (Ņ). (68.18) 


azimuthal components of the field and the current are expressed in terms of y and J by 
ns Of equations (68.14): 


2 2 


o a BA dz" 
lly, substituting these results in the first equation (68.13), we find 
Oy Ley dy dP 8n*dJ? 


3.2 
tn ane bene: = —16n°’r dy 2 dy ` 
n specifying any particular functions P (Y) and J (y) and solving this equation, we 
in some equilibrium configuration that is in principle possible; the field and current 
ibutions in this configuration are given by (68.17) and (68.19), and the magnetic 
ices are yŅ (r, z) = constant. 

s an illustration, the expression 


W/Wo = 4R? +r?)z? +4la -e -RY (68.21) 


e solution of (68.20) with dP/dw = constant and dJ7/dy = constant; Wo, a,b and R 
sonstants, with 


l6n°dP/dw = —awo, (82?7/c?)dJ?7/dy = — bR? Yo. 


Solution describes a toroidal configuration consisting of nested toroidal magnetic 
aces = constant, any of which may be taken as the plasma boundary P = 0. The 
rmost surface degenerates to a curve, the circle r = R, z = 0, called the magnetic axis. 
t the magnetic axis, 


W/W = ŁR? (b 4 1)z?7 +4R?(a— 1)(r— RY. 


, if b+ 1 > O and a > 1, the cross-sections of the magnetic surfaces near the axis are 
ses. With increasing distance from the axis, y increases and the pressure falls. Outside 
Surface P= 0 (the plasma boundary), the magnetic field needed to maintain 
brium is given by equation (68.20) with zero on the right-hand side and the boundary 
litions that y and its normal derivative be continuous. 


(68.20) 


Hydromagnetic waves 

t us consider the propagation of small disturbances in a homogeneous conducting 
lum in a uniform constant magnetic field H,. We shall assume that the fluid is ideal, 1.e. 
ect all dissipation processes in it.t 

re Start from the equations of magnetohydrodynamics, (65.1}-(65.4). The adiabaticity 
ition (65.6) signifies only that, if the unperturbed medium is homogeneous, 
constant in the perturbed medium also, i.e. the flow is isentropic. 

fe write 

H=Ho+h p=PotP, P=P,+P, 

The condition for this approximation to be valid is that the wave damping coefficient (calculated in the 
em at the end of this section) should be small. 
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where the suffix 0 denotes the constant equilibrium value, and h, p’ and P’ are the sma) 
variations in the wave. The velocity v, which is zero in equilibrium, is a small quantity of the 
same ao Since the se is isentropic, the changes in pressure and density are related by 
P’ = u4 p', where uo? = (@P/dp), is the square of the ordinary velocity of sound in th 
medium concerned. Neglecting terms of higher order than the first in equation, 
(65.1)}-(65.4), we obtain the linear equations 


div h = 0, Ch/ct = curl(v Xh), 
Cp'/et+p div v = 0, (69.1) 
Ov/Ct = — (Uo’/p) grad p’ — (H x curl h)/4zp. 


Here and in what follows we omit, for brevity, the suffix zero to the equilibrium values 
We shall seek solutions of these equations as plane waves proportional to 
exp [i(k -r — at) ]. The system of equations (69.1) then gives the algebraic equations 


— wh = kx(vxH), wp’ = pk- v, } 


(69. 
— wY + (up?/p)p’'k = —H x(k x h)/4rp; 


the equation k -h = 0, which follows from div h = 0, is automatically satisfied and need not 
be considered separately. 

The first of these equations shows that the vector his perpendicular to the wave vector k, 
which we shall take to be along the x-axis, with the plane of k and H as the xy-plane. We 
also introduce the phase velocity of the wave, u = w/k. Eliminating p’ from the third 
equation by means of the second equation. and rewriting the result in components, we have 


uh = =v, H uv, = —H,h,/4np, (69.3) 
uh, = v,H,—v,H,, uv, = —H,h,/4np, 


uo? (69.4 
AC — o) = H,h,/Anp. 


We have here separated the equations into two groups, the first involving only h, and t; 
and the second only h,, v, and v,. It therefore follows that perturbations of the two groups 
of variables are mespecdied independently: The density, and therefore the pressure, are 
propagated with the perturbations h,, v, and v,, being related to v, by 


p’ = pv,/u. Ce 
The compatibility condition for the two equations (69.3) is 
él 
u = ua =|H,\/./(4np); (6? 








h: 
we shall assume that H „ > 0, and omit the modulus sign. In these waves the component A 
of the magnetic field which j is perpendicular to the directions of propagation and © 
constant field H oscillates, and with it the velocity v,, which is related to h, by 


—h,/./ (np). 


a 
The relation between œw and k ag dispersion relation, as ìt is called) given by (694 
involves the direction of the wave vector: 


w = H-k/,/(4np). (62: 


(69.7 
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hysical velocity of propagation of the waves is called the group velocity and is given by 
erivative w/k. In the present case we have 


ĉw/êk = H/,/ (4rp). (69.9) 





























does not involve the direction of k. The direction of propagation of the wave, in the 
of the direction of its group velocity, is the direction of H. These are called Alfvén 
(H. Alfvén, 1942), and (69.6) is the Alfvén velocity. 

us now consider waves described by the equations (69.4), called magnetosonic waves. 
fing to zero the determinant of these equations, we find an equation quadratic in u’, 
e roots are 


H? H? 2 H 2 ł/2 
ur, = HE +u + (5 Ly u?) = ie w? | l. (69.10) 


us obtain two further types of wave. The waves corresponding to the plus and minus 
in (69.10) are called respectively fast and slow magnetosonic waves. 

he limiting case where H? < 4xpu,* we have u, = up, and it follows from equations 
that v, < v,. In other words, in the limit the fast magnetosonic waves become 
ary sound waves propagated with velocity uy. The weak transverse field in the wave is 
d to v, by h,=v,H,/uy. In the same limiting case, the velocity of the slow 
etosonic wave becomes the Alfvén velocity u4, with v, = 0, v, = — h,/./ (4zp),asina 
of the first type, but with a different polarization: the vectors v and h are in a plane 
gh k and H, not perpendicular to it. 

m incompressible fluid (corresponding formally to the limit u, > œ) only one type of 
remains, namely Alfvén waves with two independent directions of polarization. The 
sion relation for these waves is given by (69.8); the vectors v and h are perpendicular 
e wave vector and are related by 


v= —h/,/(4zp). (69.11) 


Te is a simple interpretation of the fact that, in a longitudinal magnetic field, 
erse displacements of the fluid are propagated in the form of waves. Because the lines 
ve are “frozen in”, the transverse displacement of the particles results in a curvature of 
€s, and therefore in their stretching and, at some points, in their compression. The 
in 4 magnetic field (expressed by the Maxwell stress tensor) are such as would occur 
ines of magnetic force tended to contract and at the same time to repel one another.+ 
“a Curvature of the lines results in quasi-elastic forces which tend to straighten them, 
8 to further oscillations. 

h Snow return to formulae (69.4) and (69.10), and consider the opposite limiting case, 
š f> 4T pug”. We then have, in the first approximation, uş = H oil (4zp). Since this 
Sion is independent of k, the group velocity is of magnitude u, and its direction is 
k. In this wave the vector vis perpendicular to H (Fig. 40, p. 238), and its magnitude 
n in terms of h = |h,| by v =h/ ys rp). For u, we have in this limiting case 
oH,/H. The group velocity is w/k = uo H/H. The vector v in this case is anti- 
el to H, and its magnitude is given by v = hH? /4nr pu, H as 

en the relation between H? and pu,” is arbitrary, both u y and u, depend on the 





: let a line of force be along the z-axis. Then the longitudinal stress M (65.8) contains a negative term 
t, and the transverse stresses I1,, and [1,, contain a positive term H*/8z. 
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Fic. 40 


direction of the wave vector. When the angle between k and H increases, up increases 
monotonically and u, decreases monotonically. It is easy to see that the inequalities 


U, S u4 Sug, Us 2 Up, u, S uo (69.12) 


S 


always hold. If k is parallel to H, u, and u, are respectively equal to the greater and the 
smaller of uy and u4 = H/,/ (4zp). If k is perpendicular to H, then 


H2 
i= Cs +7). (69.13) 


while u4 and u, are zero, i.e. only the fast magnetosonic waves exist. 

Lastly, let us consider two exact solutions of the equations of magnetohydrodynamics in 
the form of a plane wave with any amplitude (not necessarily small). 

One of these is a plane Alfvén wave in an incompressible fluid, propagated with velocity 
u,; that is, involving x and t only in the combination x — u,t. To show this, we go back to 
the exact equations (65.1}-(65.4). The equation of continuity (65.3) in an incompressible 
fluid becomes div v = 0, whence v, = constant: without loss of generality, we can put 
v, = 0, by an appropriate choice of the frame of reference. The equation div H = 0 gives 
H, = constant. Denoting the transverse components of H by h, we find from (65.2) and 
(65.4) 

ch Ov OV H, oh 


x 


ot * Ax? ot J (4p) Ox’ 


i.e. the exact equations necessarily become linear equations describing a plane wave with 
the phase velocity (69.6) and v and h related by (69.11). The wave profile, i.e. the function 
h(x —u,t), is arbitrary. The x-component of (65.4) gives 
1 oP 1 ch 
—— + —h:— = 0, 
pox 4np 0x 


whence 
P +h?/8x = constant, (69.14) | 


which determines the variation of the pressure in the wave. 
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other case is a simple wave propagated at right angles to the magnetic field 
aplan and K. P. Stanyukovich, 1954). Let the field be in the y-direction, and the 
> again propagated in the x-direction. Then H, = 0, H, = H, and the equation 
- Q is satisfied identically. Equations (65.2}-(65.4) give 


GH /ét + a(v, Hex = 0, (69.15) 

Op/Ct + O(v, py/ex = 0, (69.16) 
Ôo av, 1 0H? __16P ei 
ðt "əx | 8np ôx pôx` a) 


he first two of these equations it is easily seen that the ratio H/p = b satisfies the 
n Ob/ct + v,.cb/ex = 0 or db/dt = 0, where the total derivative signifies the rate of 
in a given fluid particle as it moves about. Hence, if the fluid is homogeneous at 
jitial instant, so that b is constant, then at all subsequent instants we have 
stant. Substituting H = pb into the third equation, we obtain 


Ov Ov lig b? 
e magnetic field has been eliminated from the equations, and the problem reduces 
ution of equations (69.16) and (69.18). These equations differ from those for one- 
ional motion in ordinary fluid dynamics only by a change in the equation of state of 
; the true pressure P = P(p) (for given entropy s) must be replaced by P*(p) = 
b* p*/8x. This fact enables us to apply the results of ordinary fluid dynamics to this 
magnetohydrodynamic flow. In particular, the formulae giving the exact solution 
-dimensional travelling waves (Riemann’s solution; simple waves, see F M, §94) can 
ied, the role of velocity of sound being played by 


OoP* b? 
eo = i 
‘ J op ) I(« +e) 
H2 
= 2 = 
I(« l 


PROBLEM 





dance with formula (69.13). 


une the absorption coefficient (assumed small) for an Alfvén wave in an incompressible fluid. 


a The absorption coefficient for a wave is defined as y = Q/2g, where Q is the (time) average energy 
Eer unit time and volume, and gis the mean energy flux density in the wave, The amplitude of the wave 
ase ™ during its propagation. Q is given by the right-hand side of equation (66.3); in an incompressible 
ave for a wave propagated in the x-direction (so that v, = 0) 


Q = n(Ov/Ox) + (c?/16n70) (Gh/dx)?. 


TE) flux density (66.5), we can omit the small dissipative terms, leaving q, = — H,.h-v/4n. Using 
(69.6) and (69.11), we have the result 


slats 
= —+— Í. 
y 2u,° p 4no 


a 
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§70. Conditions at discontinuities 


The equations of motion for an ideal magnetohydrodynamic medium admit discontinu- 
ous flows as in ordinary fluid dynamics. To elucidate the conditions which must be satisfied 
on a surface of discontinuity, let us consider an element of the surface and use a system of 
coordinates in which it is at rest. 

First of all, the mass flux must be continuous at a surface of discontinuity: the mass 
of gas entering from one side must be equal to the mass leaving on the other side. Thus 
Piin = P2V2_, Where the suffixes 1 and 2 refer to the two sides of the discontinuity, and the 
suffix n denotes the component of a vector normal to the surface. In what follows we shall 
denote the difference between the values of any quantity on the two sides of the surface of 
discontinuity by enclosing it in square brackets. Thus [ pv, ] = 0. 

Next, the energy flux must be continuous. Using the expression (65.11) and omitting the 
dissipative terms, we obtain 


[qn] = [pv, (20? + w) +0, H?/4n —H,,v-H/4n] = 0. 


The momentum flux must also be continuous. This condition means that [T],,n, ] = 9, 
where TI is the momentum flux density tensor, and nis a unit yector normal to the surface. 
Using (65.8), we therefore have 


[P+ pv,’ + (H,? — H, )/87] = 0, 
[pvnY, > H,H,/47] = 0, 


where the suffix t denotes the component tangential to the surface. 

Finally, the normal component of the magnetic field and the tangential component 
of the electric field must be continuous. If the conductivity of the medium is infinite, 
the induced electric field is given by E = — v x H/c, and the condition [E, ] = 0 leads to 
[H,,¥, — H, v, ] = 0. 

In what follows it is more convenient to use the specific volume of the gas (V = 1/p) in 
place of its density. The mass flux density through the discontinuity is denoted by 


j = pv, = v,/V. (70.1) 


Since j and H, are continuous, we can write the remaining boundary conditions in the 
following form: 


jlw43j?V? +4v? + VH,?2/42] = H, [H, v; ]/47, (70.2) 
[P] +j [V] + [H 1/87 = 0, (70.3) 

jiv] = H, [H, ]/4r, (70.4) 

A, [v,] =JUVHA, ]. (70.5) 


This is the fundamental system of equations of discontinuities in magnetohydrodynamics. 


§71. Tangential and rotational discontinuities 
In ordinary fluid dynamics, discontinuities of two different kinds are possible: shock 
waves and tangential discontinuities. Mathematically, the two types occur because some 


t This condition fixes only the velocity of the coordinate system in the direction normal to the surface. Any 
constant vector may be added to its tangential velocity. 
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s boundary conditions can be written as the vanishing of a product of two factors, and 
yo different solutions are obtained by equating the factors to zero in turn. This feature 
t present in the equations (70.2}-(70.5) of magnetohydrodynamics, and it might 
fore be supposed that only one type of discontinuity occurs. In reality, however, it is 
j that essentially different types of discontinuity again occur (F. de Hoffmann and E. 
„ 1950). 

tus consider, first of all, discontinuities for which j = 0. This means that v,,, = Van 
je. the fluid moves parallel to the surface of discontinuity. If H, 4 0, we see from 
ions (70.2)-(70.5) that the velocity, pressure and magnetic field must be continuous. 
lensity (and therefore the entropy, temperature, etc.) may have any discontinuity. 
a surface may be called a contact discontinuity, and is simply the boundary between 
nedia at rest which have different densities and temperatures. 

poth j and H,, are zero, then three of the four equations (70.2}-(70.5) are satisfied 
ically, and therefore this is clearly a special case. We thus find a type of discontinuity 
h may be called a tangential discontinuity, as in ordinary fluid dynamics. At such a 
mtinuity the velocity and the magnetic field are tangential and can have any 
ntinuity in both magnitude and direction: 


j=0 H=% [v,]40, [H,]#0. (71.1) 

























density discontinuity also can take any value, but the pressure discontinuity is related 
at of H, by equation (70.3): 


H2 
[V] #0. PB] = 0. (71.2) 


discontinuities of the other thermodynamic quantities (entropy, temperature, etc.) are 
sd to those of V and P by the equation of state. 

Other type of discontinuity is one in which the gas density is continuous. Since the flux 
ni V is continuous. the normal velocity component is therefore continuous also: 


jJ #0, [V] = 0, [v, ] = 0. a 
le right-hand side of equation (70.5) we can take V outside the brackets and divide this 
10n by equation (70.4), obtaining 

j=H,/./(4nV) (71.4) 


Lv,] = ./(V/4z) (H, ], (71.5) 


uation (70.2) we put w = e + PV’; since V is continuous, this equation can be rewritten 


H2 2 
iter +H = Jaf- Je) [=o 


ing replaced in accordance with (71.4). The second term is zero by (70.3) and the third 
IS zero by (71.5), so that we find [e] = 0, i.e. the internal energy also is continuous. 
Other thermodynamic quantity is determined if £ and V are given. Hence all the other 
= quantities, including the pressure, are continuous. It then follows from 
) that H,? is continuous, i.e. 





Pie © [H,]=9. (71.6) 
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The fact that H, and H, are both continuous means that the magnitude of H itself and its 
angle to the surface are likewise continuous. 

Formulae (71.3}-(71.6) give all the properties of the discontinuities under consideration. 
The thermodynamic quantities are continuous, but the magnetic field is turned through an 
angle about the normal, its magnitude remaining unchanged. The vector H,, and therefore 
(by (71.5)) the tangential velocity component, are discontinuous, but the normal velocity 
component v, = jV is continuous, and its value is 


v, = H,./(V/4n) = H,/./ (4p). (71.7) 


These are called rotational or Alfvén discontinuities. 

It is useful to note that, by a suitable choice of the coordinate system, we can always 
ensure that the gas velocity is parallel to the field on each side of a rotational discontinuity. 
To achieve this, we use a coordinate system moving with velocity v, —H,,./ (V/4n) = 
Ness —H,,./ (V/4r). (Compare the footnote to §70.) In the new system the ratio of each 
component of v to the corresponding component of H on either side of the discontinuity is 
J (V/4n), i.e. 

v, =H, /(V/4n), vı = H, /(V/4n). (71.8) 


Thus in this system of coordinates the velocity is rotated with the magnetic field, its 
magnitude and angle to the normal remaining unchanged. 

The velocity v, is also minus the velocity of propagation of the discontinuity relative to 
the fluid. This is equal to the phase velocity u, of the Alfven wave. The occurrence of this 
equality for all rotational discontinuities is to some extent accidental, but when the 
discontinuities of the various quantities are small the equality must hold. For such a 
discontinuity is a weak perturbation, in which the velocity v and the magnetic field H 
receive small increments perpendicular to the plane through H and the normal n. This 
perturbation is of the type whose phase velocity is u,. The physical velocity of propagation 
of the front of a small perturbation is the normal component of the group velocity, Le. its 
component in the direction of the wave vector k. Since the relation between œw and k is 
linear, we have k-Ow/@k = œ, and so this component is the same as the phase velocity 
ofk = ü,- 

Although tangential and rotational discontinuities form two different types, there are 
also discontinuities having the properties of both. These discontinuities are such that v and 
H are tangential in direction and continuous in magnitude. 

In ordinary fluid dynamics, tangential discontinuities are always unstable with respect to 
infinitesimal perturbations, and so are rapidly broadened into turbulent regions. A 
magnetic field, however, has a stabilizing effect on the motion of a conducting fluid, and in 
this case tangential discontinuities may be stable. This result is a natural consequence of the 
fact that a perturbation involving fluid displacements transverse to the field leads to a 
stretching of the lines of magnetic force “frozen” in it, and therefore to the appearance of 
forces which tend to restore the unperturbed flow. Let us ascertain the stability conditions 
for a tangential discontinuity in an incompressible fluid (S. I. Syrovatskii, 1953). We write 
v=v,,+v, P=P,,+P, H=H, +H, where vi, P,,. and H, 2 are the un- 
perturbed values constant on either side of the discontinuity; v, P’ and H’ are the small 
perturbations. Substituting in equations (66.7)-(66.9), we have for an ideal fluid 


div uw’ = 0, div v = 0, (71.9) 
ou /ôt = (u:grad)v’ — (v-grad)u’, (71.10) 
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rd 


ot 





l 
+ (v-grad) v = — — grad P’—uxcurl u 
p 


! 
= — 7 grad (P+ puu’) + (u-gradyu. (71.11) 



















brevity, we omit here and henceforward the suffixes 1, 2, and write u = H ie (4zp). 
ing the divergence of (71.11) and using (71.9), we find 


A (P’ + pu-u’) = 0. (71.12) 


at the plane of the discontinuity be x = 0; the vectors v and u are parallel to it. In each of 
alf-spaces x > 0 and x < 0, we seek all quantities v’, w, p in a form proportional to 
i(k-r — wt) + xx}, where k is a two-dimensional vector in the yz-plane. From equation 
2), we find that k? = x?, so that we must take x = k for x < Oandx = —kforx>O. 
, we eliminate v’, from the x-components of (71.10) and (71.11), obtaining 


ip 
P’ any a —k-v)? — (k-u)?}. j 
+pu'u u EA {(@ —k-v)* — (k-u)?} (71.13) 


case where the expression in the braces is zero is of no interest, since œ is then real, 
eas instability can arise only from complex values of a. 

t¢ (x, y, z) be the displacement, along the x-axis, of the discontinuity surface, as a result 
e perturbation. On the displaced surface the conditions (71.1) and (71.2) must be 


| [P+P'+p(utu)] = [P+pu-u]=0, 
Uin HU in =u’,,—(u,°grad)f = 0, 


Uy, Uan = Wa — (U, *grad)¢ = 0; 


Mdition that there be no flux of the fluid through the discontinuity surface is 
alically satisfied. Putting ¢ = constant x e(k-r—t) and eliminating C, u,, and u, 
hese three equations, we get an equation determining the possible values of œ: 
(© = k-v,} + (o—k-v,)? = (k-u,)? + (k-u,)?. 

uadratic equation has no complex root if 


2(k-u, )? + 2(k-u,)* — (k-v)? > 0 


(2u,; Uy, + 2Uy; Uy, —0,,)k;k, > 0, 
V= v, — y; is the discontinuity of the velocity. 


quadratic form is positive-definite if the trace and determinant of the rank-two 


N the brackets are both positive. Hence we have the required stability conditions:t 
H? + H3? > 2npv?, 
(71.14) 


(H, xH,)? > 27 {(H, Xv)? + (H, x v)?}. 


= incompressible fluids on either side of the discontinuity have differen 


ir t densities, then p in these 
3S is replaced by 2p, P2/(P1 + p2). 
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In reality, however, the existence of a small but finite viscosity and electrical resistance in 
the fluid means that such tangential discontinuities cannot exist indefinitely, even if the 
conditions (71.14) are fulfilled. Although no turbulence occurs, the sharp discontinuity is 
replaced by a gradually widening transitional region, in which the velocity and the 
magnetic field change smoothly from one value to another. This is easily seen from 
the equations of motion (66.8) and (66.9) if the dissipative terms are retained. We take 
the x-axis in the direction of the normal to the discontinuity. Assuming all quantities to 
depend only on x (and possibly on the time), we can write the transverse components of 
these equations as 


6H,/ét = (c?/4n0) 0? H,/ ex’, 
Cv, /t = vd? v,/Ox’, 


(71.15) 


the fluid being supposed incompressible. If we assume steady flow, the left-hand sides of 
equations (71.15) are zero, and the only solution which remains finite as x > + © i$ 
H, = constant, v, = constant, which contradicts the assumption that these quantities 
undergo a change at the discontinuity. Thus a tangential discontinuity cannot have a 
constant width such as is found for (e.g.) a weak shock wave. Equations (71.15) have the 
form of heat-conduction equations. As we know from the theory of thermal conduction, a 
discontinuity in a quantity satisfying such an equation is gradually smoothed out into a 
transitional region, whose width increases as the square root of the time. Since the 
coefficients in the two equations (71.15) are different, the widths 6, and 6, of the 
transitional regions for the velocity and the magnetic field are also different: 


Swot op S</t/o): (71.16) 


Rotational discontinuities in an incompressible fluid are stable with respect to 
infinitesimal perturbations, whatever the strength of the magnetic field (S. I. Syrovatskit, 
1953). Like tangential discontinuities, however, they cannot have constant widths, but are 
gradually smoothed out by the viscosity and electrical resistance of the fluid (see Problem). 


PROBLEM 


Find the manner of widening of a rotational discontinuity with time. 


SOLUTION. Assuming all quantities to depend only on the coordinate x (and on the time), we find from the 
equations div v = O and div H = 0 that v, = constant and H, = constant. Let the coordinate system be such that 
the values of v and H on each side of the discontinuity (outside the transitional layer) are related by (71.8). Then 
v, = u,, where u has the same meaning as in (71.9}-(71.11). For the transverse components u, and v, we have from 
equations (66.8) and (66.9) 


2 2 
Cu, Cu, Gv, ccu, 


he = 
Ct cx 


= 4 —+—__—., 
“ax 4no Ox? 


(1) 
Cv, n Ov, Cu, Pi 07, 
—- — = u ty. 
ôt OP Aye * ax ox? 





Since the difference v, — u, tends to zero for x = + ©, because of the relations (71.8), this difference must be small 
in the transitional layer in comparison with the sum V, + W. Adding the equations (1), we can therefore neglect a 
term in v, — u, obtaining 


ĉ i | c? ) 8? 
— (v, +u) =- \— ty — (v, + u). 
ar | 2\4no ôx? 
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this we see that the width of the discontinuity varies in a manner given by 
c? 
ô ~ — +r jt’. 
4no 


Shock waves 
tus now consider the type of discontinuity in which 
TO: [V] #0. (72.1) 


discontinuities are called shock waves, as in ordinary fluid dynamics. They are 
cterized by a discontinuity of density and by the fact that the gas moves through them 
nd v, being non-zero). The normal component of the magnetic field may or may not 




























Bo, 
| comparing equations (70.4) and (70.5) we see that, when H, #0, the vectors 
-H,, and V,H,,—V,H,, are parallel to the same vector Vi2 — V,,, and therefore to 
other. Hence it follows that H,, and H,, are collinear, i.e. the vectors H,, H, and the 
al to the surface are coplanar, unlike what happens (in general) in tangential and 
n discontinuities, in which the H, n and H, n planes in general do not coincide. This 
holds also when H, = 0; in this case, which we shall discuss later, it follows from 
that V,H,, = V,H,. 

evelocity discontinuity v,, — Y, lies in the same plane as H, and H,. We can, without 
[ generality, assume that the vectors v, and v, themselves lie in this plane, so that the 
m in the shock wave is two-dimensional. Furthermore, it is easy to see that, if H, # 0, 
ble transformation of the coordinates will always ensure that the vectors v and Hare 
ar On each side of the discontinuity. To achieve this, we use a coordinate system 
moves with velocity v, — (v,/H,,)H, = v, — (jV/H,,)H, (the value of this expression is 
ne on each side of the discontinuity, by (70.5)). In the following formulae, however, 
Oice of this particular coordinate system is not implied. 

Us derive the relation for shock waves in magnetohydrodynamics which corresponds 
shock adiabatic (Hugoniot adiabatic) in ordinary fluid dynamics. Eliminating [y, ] 
10.4) and (70.5) we have 


J (VH, | = H,? (H, 1/4n; (72.2) 


d have replaced H, by H,, since H,, and H,, are collinear.t In order to eliminate [v, ] 
quation (70.2), we rewrite that equation as 





i H e 
i 23 n 7 ; 
Wiger òv- = H, ) |+ [VH?/4n— H,?[H}1/327?j? = 0. 


rd term is zero by equation ( 70.4) and so v, does not appear. In the last term we 


lte j? from (72.2) and in the second term from (70.3), i.e. 


ie T O E Ane — H,,7)/8n}/(V, maa: (72.3) 


F ors H,, and H,, here might, however, be either in the same or in opposite directions: in this sense, H,, 
ight have either the same or different signs. It will not appear till later (§73) that for other reasons they 
act have the same sign. 
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A simple calculation then gives 
ex — E, HHP, + Py)(V2— Vi) + V2 — V1) (Ha — Ha) 162 = 0. (72.4) 


This is the equation of the shock adiabatic in magnetohydrodynamics. It differs from the 
ordinary equation by the presence of the third term. 
We may also write out again equation (70.4), which gives the discontinuity of v, in terms 


of that of H,: Eo 
va — Ya = H, (H, — H, )/47. (72.5) 


Equations (72.2}-(72.5) form a complete system of equations of shock waves. We shall 
conventionally assign the suffix 1 to the medium towards which the wave is propagated; 
thus the gas passes from side 1 in front of the shock wave to side 2 behind it. As already 
mentioned, the coordinates used are such that a particular surface element of the 
discontinuity is at rest and the gas passes through it. 

In ordinary fluid dynamics, Zemplen’s theorem (FM, §84) states that the pressure and 
density increase in the shock wave: 


P> Pic Peo Ry: (72.6) 
the shock wave is therefore a compression wave. Here it is assumed that 
(67V/6P7), > 0: (72.7) 


although this is not a thermodynamic inequality, it 1s satisfied in almost all cases. Zemplen’s 
theorem follows from the law of increase of entropy. 

It is easy to see that Zemplén’s theorem remains valid in magnetohydrodynamics for 
weak shock waves, provided that the condition (72.7) is satisfied. In a weak shock wave, the 
discontinuities of all quantities are small. Expanding equation (72.4) in powers of the 
pressure and entropy discontinuities, we have 


op) Pa —P,)(A2 -H ay; (728 
the first term is that found in ordinary fluid dynamics (see FM, §83). Since — (eV/0P), >9 
according to one of the thermodynamic inequalities, the condition s, —s, > 0 with (728) — 
gives P, > P,, and accordingly V, < V1. 

If, in addition to the inequality (72.7), the thermal expansion coefficient is positive, 
(@V/éT)p > 0, Zemplén’s theorem in magnetohydrodynamics can be proved as in ordinary 
fluid dynamics, without assuming that the discontinuities of all quantities are small (R. V. 
Polovin and G.Ya. Lyubarskii, 1958; S. V. Jordanskii, 1958). 

Let P,, V, be the specified initial state of the gas, and s, the entropy in the final state 
for a given value of V, in the absence of a magnetic field. The entropy in the final state ` 
of the gas in the presence of a magnetic field with the same values of P,, V, and V,is 
denoted by sj“). In ordinary fluid dynamics, V, > V, implies that s,® < s;, so thata 
rarefaction wave is impossible. We shall show that (under the conditions stated above] 
s, < 5," so that certainly s,") < s,; this proves that rarefaction waves are impossiblein — 
magnetohydrodynamics also. 

Differentiating equation (72.4) with respect to P, for a constant V3, and using (C¢/0P); 

= 7(0s/0P),, we find 


T, (6s/OP2)y, +4(V2 — Vi) + CQ/EP2v, = 0, (723) 


l 
T(s3— 51) = H(2?V/@P?),(P2 — Pa)? — l 
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Q = (V,—V,)(A,2 — Hy )?/162. 


ise of the thermodynamic relations 


eP\ T/(@P\ (aP\  (aP\ (av 
asde NoT Jy Th “\6V jets 


rst term in (72.9) has the same sign as (OV/@T)p, and is therefore, by hypothesis, 
ive. Hence, if V,>V,, then (6Q/dP,)y, <0. The presence of a magnetic field 
ises Q (Q = O without a field, Q > 0 with one), and so decreases P, for a given V3. 
by hypothesis, (¢s/0P),. > 0, it follows in turn that s, ™® < s,). This completes the 


























stly, let us consider the case mentioned at the beginning of this section, when the 
tic field on each side of the discontinuity surface is in the tangential plane, H,, = 0 
pendicular shock wave). From (72.5) we then have v, = V,,, i.e. the tangential velocity 
ment is continuous. By a suitable choice of coordinates, therefore, we can always 
that v, = 0 on either side of the discontinuity, i.e. the gas moves perpendicularly to 
iscontinuity, and we shall henceforth assume this. From equation (72.2) we have 
= VH. This relation shows that equations (72.3) and (72.4) can be written 


a E (P2* — P1*)/ (V: B V2), £* —£1* +4(P2* + P,*) (V2 — V) = 0, 


differ from the ordinary equations for shock waves in the absence of a magnetic 
nly by a change in the equation of state: the true equation of state P = P(V,s) 
e replaced by P* = P*(V,s), where P* = P +.b?/8nV7, and b denotes the constant 
at HV. Accordingly £* must be defined so as to satisfy the thermodynamic relation 
W); = — P*, whence e* = £ + b?/8nV’ 
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an actual hydrodynamic discontinuity to exist, it must be stable with regard to 
4 ation into two or more others. This condition can also be formulated as stating 
1} infinitesimal perturbation of the initial state must lead only to infinitesimal 
Sin the discontinuity. A discontinuity that meets this requirement is said to be 
nary. It must be emphasized that the property in question is not the opposite of 


fi 


pr the ordinary sense. The latter signifies that an initial small perturbation will 
P mcrease. which leads ultimately to the breakdown of the flow concerned; but the 
ation remains small over a sufficiently short time (t < 1/y) even when there is an 
ntial increase as e” with y > 0. Ina non-evolutionary discontinuity, the perturb- 
C omes large immediately, although when t is small it occupies only a small region in 
he Situation is illustrated by Fig. 41 (p. 248), which shows the splitting of a 
Muity of the density p(x) into two; the perturbation op is not small, although when t 
and s two discontinuities have not moved apart appreciably, it occupies only a 
ange dx. 

0 ndition for an evolutionary discontinuity can be derived by counting the number 
Pe ndent parameters which define an arbitrary initial (t = Q) small perturbation of 
Ontinuity, and the number of equations (linearized boundary conditions at the 
Nuity) which these parameters must satisfy. The discontinuity is evolutionary if the 
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p(x) p(x) 


Ox 


Sp 


Fic. 41 


two numbers are the same. The boundary conditions then uniquely determine the 
subsequent development of the perturbation, which remains small for small t > 0.7 
If the number of equations is greater or less than the number of unknown parameters, the 
problem ofa small perturbation of the discontinuity has either no solution or an infinity of 
solutions. Either case may occur, and such a situation indicates that the discontinuity ts not 
evolutionary, the initial assumption that the perturbation is small for small t being 
incorrect. 

In ordinary fluid dynamics, the requirement that a shock wave be evolutionary does not 
impose any further restriction in comparison with the condition of increasing entropy: 
shock waves allowed by Zempleén’s theorem are necessarily evolutionary (see FM, §84). In 
magnetohydrodynamics, this is not the case, and the requirement that a shock wave be 
evolutionary imposes significant new limitations on the way in which quantities vary in the 
shock wave (A. I. Akhiezer, G. Ya. Lyubarskii and R. V. Polovin, 1958). 

In order to ascertain the actual condition for shock waves to be evolutionary in 
magnetohydrodynamics, let us first count the number of equations to be satisfied by any 
small perturbation at the discontinuity surface. 

The shock wave will be regarded as lying in the yz-plane. The positive x-direction is 
taken to be that of the flow across the discontinuity surface. The unperturbed fields H,, H, 
and velocities v,, v on either side of the discontinuity are assumed to be in the xy-plane. 

On each side of the discontinuity surface, seven quantities undergo perturbation: three 
fluid velocity components v,, v,, Vz; two magnetic field components H,, H,; the density 
p = 1/V,and the entropy s. The perturbations of the other thermodynamic quantities (P 
and w) are determined by those of p and s. The equation div H = 0H,,/0x = 0 shows that 
the longitudinal field component H, is constant along the x-axis and does not undergo any 
perturbation. In addition, the speed of propagation of the shock wave itself is perturbed, Le. 
it acquires a small velocity ôU relative to the chosen system of coordinates (in which the 
unperturbed discontinuity is at rest). This velocity, however, can be expressed immediately 
in terms of the perturbations of p and v,, by means of the condition for the mass flux 
density j to be continuous across the discontinuity: the gas velocity relative to the 
discontinuity is v,9+6v,—6U, where vo is the unperturbed velocity and ôv, its 
perturbation; writing also p = po + 6p, linearizing the boundary condition [j] = 0, and 


+ Here the wave may be either unstable (if the eigenfrequencies of the equations include some which are 
complex with a positive imaginary part) or stable (if not). 
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omitting the suffix zero to the unperturbed quantities, we find 


[8j] = [pdv,.] + [v.p ]— ôU [p] = 0, 


h determines ôU. 

nearization of the boundary conditions of continuity of the momentum flux 
jonent I, and the electric field component E, (i.e. the z-components of equations 
jand (70.5)) gives the two equations 


[pv ðv, —H,6H,/4n]=0, [H ôv, — v, ôH,]=0 


mperturbed values are v, = 0, H, = 0). These equations involve the perturbations of 


t' uantities, namel 
3 ôv., ÔH. (73.1) 


boundary conditions of continuity of the energy flux g,, the momentum flux 
jonents I, and Il, and the electric field component E, (i.e. equations (70.2) and 
and the y-components of (70.4) and (70.5)) give four linear equations involving the 
rbations 

ov, Ov,, OH,, dp, ds, (73.2) 
1 will not be written out here. 

now count the number of parameters which define the perturbation of the shock 
Perturbations varying with time as e~ *® are propagated in both directions from the 
itinuity as hydromagnetic waves of three kinds (Alfvén, and fast and slow magnetosonic) 
san entropy wave; the latter is a small perturbation of the entropy transported by the 
atic gas flow and moving with the gas. All these must of course be outgoing waves 
gated to the left or right of the discontinuity. In each wave, the changes in all 
ities are related in a specific way, as shown in §69, and therefore each wave is 
nined by just one parameter, the amplitude of some single quantity. 

pnetosonic and entropy waves transport the perturbations (73.2); Alfvén waves, the 
bations (73.1). Since the equations separate for these two groups of perturbations, 
adition for an evolutionary discontinuity has to be satisfied for each separately (S. I. 
atskii, 1958), and this makes the restrictions even stronger. 

us first consider the conditions as regards Alfvén perturbations. This requires that the 
er of outgoing waves be equal to two, the number of equations. The Alfvén wave 
velocities relative to the discontinuity surface can have the values v,, + u4, 
447, Where u, is the phase velocity (69.6) of the wave relative to the gas. Because of the 
en Chosen for the x-axis, Vx1, Vy > 0. In region 1, in front of the discontinuity, the 
> Outgoing if its phase velocity (relative to the discontinuity) is negative; in region 2, 
f the discontinuity, a positive phase velocity is needed. The wave with velocity 
41 never satisfies this condition, and is always ingoing; that with velocity 
4118 outgoing if v, < ua. Similarly, the wave with velocity v2 + ua is always 


ng, that with v,, — ua2 is outgoing if v, > u42. There are therefore two ranges in 
the condition for an evolutionary discontinuity is satisfied for Alfvén waves: 


(1) Ve > Uas Da2 > Ug, 
(2) ab < Ua, Bogs haa 


are shown by the vertical lines in Fig. 42 (p. 250), which is drawn for the case in which 


U, < U4 < Up. (73.3) 
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The condition as regards magnetosonic and entropy perturbations requires that there be 
four outgoing waves. There is always an outgoing entropy wave moving with the gas, but 
only from side 2. The number of outgoing magnetosonic waves must therefore be three. 
Arguments similar to those given above for Alfvén waves indicate two ranges in which the 
condition for an evolutionary discontinuity is satisfied for this group of perturbations; they 
are shown by the horizontal lines in Fig. 42.7 

The intersection of the vertically and horizontally lined areas defines two regions where 
the discontinuity is evolutionary with regard to all perturbations: those of (1) fast shock | 
waves, with 


Uny > Ufio Uf2 > Un2 > Ya» (734) 


and (2) slow shock waves, with 
(73.5) 


Uag > Un > Us); Ung > Vn25 


here the normal component of the gas velocity is again denoted by v, instead of vx- In the 
limit of a low-intensity wave (discontinuities of all quantities weak), the fast and slow sho% 
waves are propagated with the respective velocities Up. = upi and u, = us- we 

Let us apply these conditions to find how the magnetic field varies in a shock wave: 
start from equation (72.2). 


He [H, 1/4nj* a [H,/? ] = [v, H, Wi 


H,? H 
( Anj ae oat H, = (5 = na ) Bh 


Since H,2/4np = u,?, this can also be written as 


Or 





Z 2 2 
Uag — Uni Uua2 Da2 H 
H, £26 
Dat Dn2 








+ The ranges where the condition is not satisfied include cases where the number of parameters is eithel © 
or less than the number of equations, for each of the two groups of perturbations. 
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ym the inequalities (73.4) and (73.5), with (73.7), we see that the tangential fields on the 
y sides of the shock wave are not only collinear but parallel. 
n slow shock waves we have, on both sides of the discontinuity, 


v, < H,?/Anj = v4? e 
ting also that by the continuity of the mass flux p, v,, = ~2v,,, we deduce from p, < p, 
l DEA (13.8) 


hence, from (73.6), H,2 < H,,: in a slow shock wave, the tangential magnetic field 
pmes weaker. In a fast wave, however, v, > H,?/4nj, and from (73.6) it follows that 
H,,, the tangential magnetic field thus becoming stronger. 
particular case of shock waves is that where the magnetic field is parallel to the normal 
oth sides of the discontinuity surface. As mentioned at the beginning of §72, we can 
iys choose the coordinates so as to make v and H parallel on both sides. In the case 
sidered, we then have H,, = H, = 0, v, = V, = 0 (a parallel shock wave). For such a 
k wave, the boundary conditions do not involve the magnetic field, i.e. they are the 
as in ordinary fluid dynamics. The presence of the magnetic field has the result, 
ever, that over a certain range of shock parameter values the conditions for an 
tionary discontinuity are no longer satisfied, and such shock waves become 
pssible (see Problem 1). 
il the perpendicular shock waves described at the end of §72 are evolutionary fast 
pression shock waves. They are seen to be fast from the fact that when H, = 0 we have 
m= 0. 
aving discussed the various types of discontinuity in magnetohydrodynamics, let us 
Consider the possible existence of forms transitional between these types, i.e. 
Mtinuities having the properties of two types at the same time. Such possibilities are 
ely limited by conditions which result from the requirement of the evolutionary 
erty. 
1 Alfvén discontinuity, first of all, cannot pass continuously into a shock wave, since 
ne latter the magnetic fields on either side are coplanar with the normal to the 
mtinuity surface. Such a shock wave can coincide with an Alfvén discontinuity only if 
or H turns through 180° in it. But the tangential field component would then 
Be Sign, whereas in an evolutionary shock wave it does not change sign. 
4 tinuous transition between fast and slow shock waves would be possible only with 
H, = 0, since in a fast shock the field H, (if not zero) is strengthened, but in a slow 
#8 weakened. In other words, a continuous transition would be possible only between 
nd slow parallel shocks. But the ranges where these are evolutionary meet only at 
Ho, when the slow shock disappears (see Problem 1). Thus there cannot be a 
Mous transition between fast and slow shocks. 
et Shock cannot pass continuously into a tangential discontinuity, because of the 
ities (73.4). 
re can therefore be continuous transitions only between a tangential discontinuity 
ther a contact discontinuity, an Alfvén discontinuity, or a slow shock wave. 



























PROBLEMS 


LEM 1. Find the range of values of v, in which a parallel shock wave is no lon 


: ; ; 5 ger evolutionary in a 
amically) ideal monatomic gas with ratio of specific heats c,/c, = 5/3. 


252 Magnetohydrodynamics 


SOLUTION. For sucha gas, the heat function w = 5P/2p, and the boundary conditions (70.1}-(70.3) becom, 
Pıtı = P22, Py +p,0,2 = P +2027, v +5P,/p, = 027 + SP2/p>2. 
Hence v, = (v1? + 3tg,7)/4v,, where uo = ./(5P/3p) is the ordinary velocity of sound, and 
ugg = J (0: /02)UAs = J (v;? + 3p,7)ug,/20, 


Uo2 = SA (501? — uoi) (0:1? +3u01)}/401, 
up = maX (uoj, uar) u, = Min (uoi, u41) 


When u41 < uo, the shock wave is fast and always evolutionary. Figure 43 shows the approximate form of the 
functions v2(v,) (thick curve) and u42(v1), u f2(21) = Up2(v,) in this case; the slanting dot-and-dash line bisects the 
right angle. 

Figure 44 shows a corresponding diagram for the case u4, > Up,. The thin curves are again the functions 
ua (v,) and up, (v,); the various parts of these curves are marked to show whether u p2 or u,2 coincides with them 
The thick continuous curve is the function v, (v, ) for the evolutionary ranges; the left-hand and right-hand parts 
correspond to slow and fast shock waves respectively. The thick dashed curve is the non-evolutionary range y A 
<v, < Jua? — 3u,,7), ending on the right at the point v, = ug).f 


PROBLEM 2. In front of a shock wave the tangential magnetic field H,, = 0, and behind it H,, # 0; this iş 
called a switch-on shock. Find the range of values of v,, which such a shock wave can have, in a gas with the same 
thermodynamic properties as in Problem 1. 


SOLUTION. It follows from (72.2) that when H,, = 0 the speed of the shock wave relative to the gas behind itis 
vay = Ha Jánp) = u42, and relative to the gas in front v,, = P20,2/P1 = “Al J (P2/P1) > u4. This is a fast 
shock; v,, and v,, are related by v,, 0,2 = uar -} 

For a switch-on shock in a gas with the specified thermodynamic properties, the boundary conditions give 


H,” /8n = (p,/3ugy7)(v,47 = ug) (4u 417 r Juo A bi 


Since the right-hand side must be positive and v,,, > u 41, we see that the possible values of v,,, ina switch-on shock 
lie in the range 


2 2 
ugy S Up S (4u? — 33u01) 










Up Uz” Uo, Vi 


Fic. 43 


+ See Problem 2 as regards the segment BB. pon l 

t A switch-off shock is one in which H,, #0 and H, = 0. This is a slow shock, with ?1 i 
— Dp. =U X in 

PAG oe) is inate ‘setae the switch-on and switch-off shocks are evolutionary, for examp jini 
switch-off shock v,, > uap and it might seem that only one Alfvén perturbation wave can leave it, il 
backwards with v,, + u42 = 2u 42- It must not be forgotten, however, that when a perturbation is imp 
tangential magnetic field becomes non-zero. 


= UAL 
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e inequalities show that switch-on shocks can occur only if u4; > uo1- In Fig. 44 they correspond to the 
ent BB of the thin continuous curve. 


The turbulent dynamo 
































grbulent motion of a conducting fluid has the remarkable property that it may lead to 
taneous magnetic fields which are quite strong. This is called the turbulent dynamo 
t. There are always small perturbations in a conducting fluid, resulting from causes 
neous to the fluid motion itself (for example, the magnetomechanical effect in 
ing parts of a fluid, or even thermal fluctuations), and accompanied by very weak 
ric and magnetic fields. The question is whether these perturbations are, on the 
age, amplified or damped by the turbulent motion in the course of time. 

ie manner of variation with time of magnetic field perturbations, once they have 
n. is determined by various physical agencies. The magnetic field tends to increase, by 
urely hydromagnetic effect of the stretching of the lines of force. We have shown in 
hat, when a fluid with sufficiently high conductivity is in motion, the lines of magnetic 
e move as fluid lines “frozen” in, and the magnetic field varies proportionally to the 
ching at each point on each line of force. In turbulent motion any two neighbouring 
icles move apart, on the average, in the course of time. As a result, the lines of force are 
shed and the magnetic field is strengthened. 

e dissipation of magnetic energy, which is converted into the Joule heat of the induced 
mts, tends to diminish the field. Since the energy dissipation is proportional to 
H)? i.e. is quadratic in the spatial derivatives of the field, it is clear that the dissipation 
€ small in flow where the spatial scale of variation of the field is sufficiently great. This 
not mean that the field will be strengthened over such distances. The reason is that the 
of force are not only stretched but also “tangled”, which reduces the spatial scale. A 
ion may therefore occur where the strengthening of a field with a given scale is 
ced merely by an energy flux from large-scale turbulent eddies to smaller-scale ones; 
the scale becomes sufficiently small, the energy is dissipated. 

ha situation would occur in “two-dimensional” turbulence, where the fluid velocity v 
ays parallel to a fixed xy-plane (Ya. B. Zel’dovich, 1956). It must be stressed that the 
ing field H is not assumed to be two-dimensional. The proof is as follows. 

us first consider the time variation of the field component H, perpendicular to the 
with the equations div H = 0 and div v = 0 (the fluid being assumed incompressible 
Present section), the z-component of equation (66.1) is 


OH, /ot = —(v-grad)H, + v,,AH,, (74.1) 


Jnvolves only H,. The first term describes just the transport of a given value of H, 


1 


» 


ne fluid particle to which it belongs. The second term describes the “diffusional” 
ation of H, values at various points in the fluid. It is evident that neither can cause 
increase. If the initial perturbation H, occupies a finite region of space. it will 
ear in the course of time because of the “diffusion”. 

Prove that the field components H, and H y decay, we can put H, = 0, since what we 
D exclude is the possibility that these components remain when H z has decayed.t We 
O this under the further restriction that all quantities (v and H) are independent of 


e arguments which follow do not exclude an increase of the field in the initia} Stage of the process. 
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the coordinate z.t Then the vector curl H is in the z-direction, and the same is true of v x 
so that the electric field E is likewise in the z-direction; see (66.6). In such a case the 
electromagnetic field can be described by means of a vector potential A which is in th 
z-direction and independent of the coordinate z: H,.=0A,/0y, H, = —CA, /é, 
E, = —(1/c)0A,/6t, div A = 0A,/0z = 0. Substituting these expressions in (66.6), we find 
after a simple rearrangement the equation for A,: 


0A,/0t = — (v - grad) A, + Yp ô^ A,, (74.2) 


which agrees exactly in form with (74.1). Hence it again follows that in the course of time 
the perturbations A, decay, and therefore so do H, and H,. 

The turbulent dynamo is thus an essentially three-dimensional effect. As an illustration, 
the following is an example of a flow which amplifies the field without altering its spatial 
scale (S. I. Vainshtein and Ya. B. Zel’dovich, 1972). Let us consider a set of closed lines of 
magnetic force frozen inside a torus of fluid (Fig. 45a). Let the flow stretch the torus bya 
lengthwise factor of two. say (Fig. 45b); the cross-sectional area decreases by the same 
factor, and the magnetic field increases. Next, suppose that the torus is twisted by the flow 
(Fig. 45c), and that the loops are then superimposed (Fig. 45d). This gives a configuration 
of about the same size as the original one, but with twice the field in the torus. Repetitions 
of this cycle give an unlimited exponential increase of the field. Such a flow is evidently 
fundamentally three-dimensional. 

This illustration is, of course, not a proof that the turbulent dynamo actually exists; there 
are also flows which reduce the scale of the field. To settle this point, we need to makea 
direct investigation of the stability of turbulent motion of a conducting fluid with respect 
to small initial perturbations of the magnetic field. This approach has made it seem vety 
likely that, when the magnetic Reynolds number is sufficiently large, a magnetic field is in 
fact generated. These fairly complicated analyses will not be given here; we shall discuss 
only the general form of the turbulence established by the process, on the assumption that 
the turbulent dynamo exists. | 

Turbulent flow may be regarded as an assembly of turbulent eddies of various sizes, from 
the basic “external” scale I to the smallest “internal” scale 1). The former is the same as the 
characteristic dimensions of the region in which the turbulent flow takes place; the latter 
gives the order of magnitude of the distances over which energy dissipation becomes 
important (see FM, §§31, 32). By “steady turbulence” we mean that the mean 
characteristics (averaged over times that are of the order of the periods of the 
corresponding fluctuations but of course are short compared with the total observation 


(b) (c) (d) 


(a) 
Fic. 45 ‘ 










Š : ’ resil 
t This assumption is made here only for purposes of simplification and is not fundamental The same 


can be reached without this restriction by somewhat more complex arguments. de 
+ See S. I. Vainshtein, Zhurnal éksperimental not i teoreticheskoi fiziki 79, 2175, 1980; 83, 161, 1982 (S 
Physics JETP 52, 1099, 1981; 56, 86, 1983). 
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time) are constant. The suffix å will denote mean values for eddies with scale 4; for example, 
v, and H, are the mean variations of the velocity and the field over distances ~ 4. 

The statement that a turbulent dynamo exists means that on the basic scale / there are 
magnetic fields whose energy density H, /87 is comparable with the kinetic energy density 
lpn? of the fluid. That is, the Alfvén velocity in the field Hy, 


Us, ~ H,/./ (4np), (74.3) 


is comparable with the basic scale of the fluid velocity v, = u (the change in the mean 
velocity over distances ~ l). For scales A < l. the fields H} < H at 

We must immediately emphasize the chief difference between magnetic and ordinary 
turbulence. In the latter, motion on the basic scale does not significantly affect the 
properties of the small-scale eddies, but simply transports them convectively. In the 
magnetic case, however, the basic-scale field H, affects the motion on all smaller scales. 

Since for scales A < | the field H, may be regarded as locally uniform, and H, < H,, the 
small-scale flow in this case is just an assembly of small-amplitude hydromagnetic waves 
with wave numbers k ~ 1/4 and velocities ~ u,. According to (69.11), in these waves the 
kinetic energy of the fluid is the same as the magnetic energy. That is, in the small-scale 
eddies there is almost exact equipartition between the magnetic and kinetic energies: 


pv,” ~ H,?7/4n. (74.4) 


This relation, as an order-of-magnitude one, can be extended to the basic scale. for which it 
gives u ~ u4, in agreement with the assumption made. 
Let us consider the range of scales 4 


I> 1> Ao. (74.5) 


It must be remembered that the viscous and Joule dissipations will in general become 
important for different values of A, and in this sense magnetic turbulence may have two 
internal scales, A, in (74.5) being taken as the larger of the two, so that in the inertial range 
(74.5) there is no dissipation. 

Asin ordinary turbulence theory, we introduce the mean amount of energy £ dissipated per 
unit time and unit mass of fluid. This energy is derived from the large-scale flow, whence 
it is gradually transferred to smaller and smaller scales until it is dissipated in eddies of size 
1 S åo. It is evident that in the inertial range, where there is no dissipation, € is also the 
constant (independent of 4) flux of energy towards smaller scales. In ordinary non- 
magnetic turbulence it was possible to assert that the local properties (i.e. over distances 
1 <1) of the turbulence must be determined only by p, £ and of course the distances À 
themselves, but not by the scales | and u of the sizes and velocities as a whole; this was 
sufficient to give the dependence of v, on 4 from dimensional arguments. In magnetic 
turbulence, the local properties may depend also on the field H, (or, equivalently, on the 
velocity u, ). Dimensional arguments then do not suffice to determine v, , and it is necessary 
to bring in the actual mechanism by which the energy flux is established. 


+ Here we are considering the generation of a turbulent magnetic field whose spatial variation has 
characteristic dimensions < l. The generation of a “large-scale” field with dimensions > / is found to be possible 
only if the averaged properties of the turbulent flow are not invariant under spatial inversion, a case not discussed 
here. The theory is given in the books by S. I. Vainshtein, Ya. B. Zel'dovich and A. A. Ruzmaikin, Turbulentnoe 
dinamo v astrofizike (The Turbulent Dynamo in Astrophysics), Nauka, Moscow, 1980; H. K. Moffatt, Magnetic 
Field Generation in Electrically Conducting Fluids, Cambridge University Press, Cambridge, 1978. 
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This mechanism is the mutual interaction of small-amplitude hydromagnetic Waves 
which is described by non-linear terms in the equations of motion. The energy flux e Mug 
therefore be expanded in powers of the small amplitudes v} , and this expansion must begin 
with terms above the second order (the quadratic terms would correspond to ordinar 
dissipation, which is absent here). The third-order terms would depend on the random 
phases of the interacting waves, and would vanish on averaging over these phases. Hence, 
oc v,*. The proportionality factor can be found from dimensional arguments (the 
dimensions of £ are erg/g-s = cm? /s?): 


E€ ~ v, ugh. (74.6) 
= vy ~ (uged)'* (74.7) 
(R. H. Kraichnan, 1965). This replaces Kolmogorov and Obukhov’s law v, ~ (e2)? in 
ordinary turbulence. Extrapolation of (74.6) to the basic scale gives for e the estimate 
e~ u*/u,l ~ u3/L as in non-magnetic fluid dynamics. 

The internal scale of turbulence A, can be estimated by regarding the small eddies as 
hydromagnetic waves against the background of the large-scale field H,. The viscosity and 
conductivity of the medium cause absorption of these waves; the corresponding 
absorption coefficient has been found in §69, Problem. The dissipation becomes important 
when the absorption length 1/y is comparable with the wavelength, i.e. with the scale 4. 
Since the hydromagnetic waves are propagated with velocity u, (independent of their 
wavelength), the frequency œw ~ u,/A. The absorption coefficient can be estimated as 
y ~ (v+y,,)/A7u,. From the condition that y ~ 1/4 when A ~ Ao, we find the internal scale 


do ~ W+y,,)/uUg ~ (V + Ym)/u. (74.8) 


If v>v,,, then J, ~ v/u ~ 1/R, where R ~ ul/v is the Reynolds number for the basic 
motion. Similarly, if v„ > v, then A) ~ L/R,,,. 
There is one further interesting property of the turbulent flow of a highly conducting 
medium: the magnetic field is displaced from the turbulent region. Let us consider a finite 
region occupied by the turbulence, with a magnetic field outside it. The lines of force of this 
field, on entering the turbulent region, become tangled, since they are “frozen”; the 
magnetic field becomes random in direction. This means that the time-average field H 
becomes almost zero, and the higher the conductivity, the more neanly exact is the 
vanishing of the field; finite conductivity gives rise to a “slippage” of the lines of force. 8° 
that the field does not become completely random. In other words, when a fairly Ww 
magnetic field is applied to a fluid in turbulent motion (within a limited region), the fiui 
behaves diamagnetically with a small permeability p < 1 which decreases with increasing 
magnetic Reynolds number Rn- | 
If the magnetic field is sufficiently strong, however, it is unable to penetrate int 
This does not mean that a strong field will suppress turbulence completely. 
dimensional turbulence, with the fluid velocity everywhere parallel to the xy-plane S 
independent of the coordinate z, can occur in any uniform external magnetic field (7 1 
z-direction), no matter how strong. For, in this case, curl (vx H) = (H - grad)v = 0. an m. 
follows from (65.2) that the flow does not perturb the external field, which rena 
uniform. No currents arise, therefore, and the Lorentz force is zero. We may say that © 
two-dimensional flow “does not see” a uniform field. In a strong external field. ! 
turbulence degenerates into just this two-dimensional form. 


o the fluid 
THO 








CHAPTER IX 


THE ELECTROMAGNETIC WAVE EQUATIONS 


. The field equations in a dielectric in the absence of dispersion 
§58 we gave the equations for a variable electromagnetic field in a metal: 
curl H = 4xcE/c, curl E = — (1/c) 0B/ct, (75.1) 


ch hold when the field changes sufficiently slowly: the frequencies of the field must be 
h that the dependence of j on E (and of B on H, if needed) is that corresponding to the 
ic case.f 

Ve shall now examine the corresponding problem for a variable electromagnetic field in 
electric, and shall formulate equations valid for frequencies such that the relations 
ween D and E, and Band H, are the same as when the fields are constant. If, as usually 
pens, these relations are simple proportionalities, this means that we can put 


D=cE, B=pzH. (75.2) 



















i the static values of ¢ and p. 

hese relations are not valid (or, as we say, e and u exhibit dispersion) at frequencies 
parable with the eigenfrequencies of the molecular or electronic vibrations which lead 
ne electric or magnetic polarization of the matter. The order of magnitude of such 
uencies depends on the substance concerned, and varies widely. It may also be entirely 
rent for electric and for magnetic phenomena.t 

he equations 

div B = 0, (75.3) 


curl E = — (1/c) 0B/ct (75.4) 


$ btained immediately by replacing e and h in the exact microscopic Maxwell’s 
tions by their averaged values E and B, and are therefore always valid. The equation 


divD =0 (75.5) 


tained (§6) by averaging the exact microscopic equation div e = 4zp, using only the 
that the total charge on the body is zero. This result is evidently independent of the 


i ption made in §6 that the field is static, and equation (75.5) is therefore valid in 
ible fields also. 


fae condition | < A does not relate to the validity of equations (75.1) as they stand. In the problems 
Sed in Chapter VII this condition was necessary in order to justify the neglect of retardation effects in the 
butside the conductor. 
n diamond, for example, the electric polarization is due to the electrons, and the dispersion of € begins only 
ultra-violet. In a polar liquid such as water, the polarization is due to the orientation of molecules with 
anent dipole moments, and the dispersion of £ appears at frequencies œ ~ 10"! sec-! ie. in the centimetre 
length range. The dispersion of y in ferromagnets may begin at even lower frequencies. 


ary” 


258 The Electromagnetic Wave Equations 


A further equation is to be obtained by averaging the exact equation 


lode 4n 
lh = -~ + — pv. 7 
curlh er + zope (75.6) 
A direct averaging gives 
IOE 4n 
IB = -—+— pv 7 
cur pigs + (75,7) 


When the macroscopic field depends on time, the establishment of the relation between the 
mean value pv and the other quantities is fairly difficult. It is simpler to effect the averaging 
in the following more formal way. 

Let us assume for the moment that extraneous charges of volume density Pex are placed 
in the dielectric. The motion of these charges causes an “extraneous current” j,,, and the 
conservation of charge is expressed by an equation of continuity: 


Ope, /Ct + div}, = O. 


Instead of equation (75.5) we have div D = 4zp,,; see (6.8). Differentiating this equation 
with respect to time and using the equation of continuity, we obtain 0(div D)/ét 


oD 
di C ee 4 1 == 0. 
iv( oy + re 


Hence it follows that the vector in parentheses can be written as the curl of another vector, 
which we denote by cH. Thus 


4 10D 
ie 
c c ôt 


Outside the body this must be the same as the exact Maxwell’s equation for the field ina 
vacuum, and therefore H is the magnetic field. Inside the body, in the static case, the current 
j. is related to the magnetic field by the equation curl H = 47},/c, where H is the quantly 
introduced in §29 and related in a definite manner to the mean field B. Hence it follows 
that, in the limit of zero frequency, the vector H in equation (75.8) 1s the static quantity 
H(B), and our present assumption that the field varies “slowly” means+that the same 
relation H(B) holds between these variable fields. Thus H is a definite quantity, so that we 
can drop the auxiliary quantity ję, and obtain the final equation 


curl H = (1/c) ôD/ôt. 


(75.8) 


(75.7) 


The quantity D/4z is called the displacement current. 

This equation replaces in dielectrics the first equation (75.1) for the field in na 
might be supposed that the term in CE/ct ought to be included wher. this equation 15 
for variable fields in metals also, giving 


Jt 


An e OF (75.10) 


0 






È ‘on 
with £ constant. In good conductors such as the true metals, however, the introducti 
this term is pointless. The two terms on the right-hand side of (75.10)are essentially “ 
two terms in an expansion in powers of the field frequency. Since this frequency is assu™ 
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nall, the second term must represent at most a small correction. In actual fact, in metals 
e corrections for the effect of the spatial non-uniformity of the field become important 
oner than the frequency correction (see the first footnote to §59). 

There are, however, substances, namely poor conductors, for which equation (75.10) 
ay be meaningful. For such reasons as the small number of conduction electrons in 
miconductors, or the small mobility of the ions in electrolyte solutions, these substances 
hibit anomalously low conductivity, and hence the second term on the right of equation 
5.10) may be comparable with, or even exceed, the first term at frequencies for which o 
de may still be regarded as constants. In a field of a single frequency w, the ratio of the 
cond term to the first is ew/4nc. If this ratio is small, the body behaves as an ordinary 
nductor with conductivity c. At frequencies œw > 470/e, it behaves as a dielectric with 
rmittivity £. 

In a homogeneous medium with constant £ and p, equations (75.3)-(75.5) and (75.9) 
come 






























div E = 0. div H =0, (75.11) 
u ôH e OE 

RS ee SN S qe 

curl E ree curl H ae ( ) 


liminating E in the usual manner, we obtain 


€ 0 eu 07H 
d, since curl curl H = grad div H— AH = — AH, we reach the wave equation 


eu 07H 
E i 


similar equation for E can be obtained by eliminating H. We see that the velocity of 
Opagation of electromagnetic waves in a homogeneous dielectric is 


c/./ (ep). (75.13) 


The energy flux density is made up of the electromagnetic field energy flux and the flux of 
ergy carried directly by the movement of matter. In a medium at rest (as is considered 
te) the latter is zero, and the energy flux density in a dielectric is given by the same 
[mula (30.20) as in a metal: 


AH 


S = cE x H/4r. (75.14) 
lis is easily seen by calculating div S. Using equations (75.4) and (75.9), we obtain 


divS = —(H-curlE—E-curlH) 
4n 


a I cD cB oU 
= -zx(e DH: = MAd (75.15) 





ôt a 


accordance with the expression dU = (E -dD + H-dBy4r for the differential of the 
ernal energy of a dielectric at given density and entropy. 
The requirement of symmetry of the four-dimensional energy-momentum tensor for 
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any closed system (in this case, a dielectric in an electromagnetic field) implies that the 
energy flux density must be the same, apart from a factor c?, as the spatial density of 
momentum (see Fields, §§32, 94), which is therefore 


ExH/4nc. (75.16 


This expression must, in particular, be used in determining the forces on a dielectric in ą 
variable electromagnetic field. The force f per unit volume may be calculated from the 
stress tensor G; f; = 06;,/0x,. Here, however, it must be remembered that o;, is the 
momentum flux density, which includes the momentum of both the matter and 
the electromagnetic field. If f is taken as the force on the medium, the rate of change of the 
field momentum per unit volume must be subtracted: 


hoya Ane ` (5-1 
In a constant field the last term is zero, and so this question did not arise previously. 
Since the field varies slowly, the stress tensor may be taken to have the same value as ina 
static field. For instance, in a fluid dielectric, cix is given by the sum of the electric part (15.9) 
and the magnetic part (35.2). In differentiating these expressions with respect to the 
coordinates we must use the fact that the equations curl È = 0, curl H = 0 for a static 
field (in the absence of currents) are replaced by equations (75.12). This introduces new 
terms — £E curl E/4r — pH x curl H/4z, which are now not zero but equal to 





EL „Ep ; eu C 
“F ExH——HxE =-—— (E xH). 
4nc 5 Anc ee Anc ôt l ) 
The required force is therefore 

E” H- 

f= — grad Po (p, T)— <— grade — --— grad p 
87 87 
de \ E? Ou ‘ eu—1 o 
d n Mpa nia A becca E eye eRe ate O d I 75.18) 
+ era (2) 87 ss o( a ) 87 | i 4nc Ot ; ) l 


The last term in this expression is called the Abraham force (M. Abraham, 1909). 


§76. The electrodynamics of moving dielectrics 


The motion of a medium results in an interaction between the electric and magnet 
fields. Such phenomena for conductors have been discussed in §63; we shall now discus 
them for dielectrics. Here we are in practice concerned with the phenomena occurring 
moving media when external electric or magnetic fields are present. It should 
emphasized that they are in no way related to the appearance of fields as a result of tne 
motion itself (§§36, 64). . d 

Our starting point in §63 was the formulae giving the transformation of the field whe 
the frame of reference is changed. There it was sufficient to know the general formulae a 
the transformation of electric and magnetic fields in a vacuum, the averaging of whic 
gives immediately the formulae for the transformation of E and B. In dielectrics E 
problem is considerably more complex, because the electromagnetic field is described by 
greater number of quantities. 


d 
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{n the motion of macroscopic bodies, the velocities involved are usually small compared 
ith the velocity of light. To obtain the necessary approximate transformation formulae, 
owever, it is simplest to use the exact relativistic formulae which hold for all velocities. 
“Jn the electrodynamics of the field in a vacuum, the components of the electric and 
magnetic field vectors e and h are actually components of an antisymmetrical four- 
mensional tensor (or four-tensor) of rank two (see Fields, §23). The same is true of Eand 
, which are the mean values of e and h. Thus there is a four-tensor F „„ whose components 
re given byt 











0 E, E, E, 0 =E, -E =e 
4 —E 0 —B B E 0 —B B 
am — x z y Fey — x Z y 
W FE, B, 0 -Bl E, B, 0 —B, Ci 
-E, —B, B, 0 E aB: B, 0 
Jsing this tensor, the first two Maxwell’s equations, 
div B = 0, curl E = — (1/c)0B/ct, (76.2) 
an be written in the four-dimensional form 
OF OF OF 
Hy mw 4 0, (76.3) 


Ox” ON Ox" 























this shows the relativistic invariance of the equations. The applicability of equations 
76.2) to moving bodies is evident, since they are obtained directly from the exact 
licroscopic Maxwell’s equations by replacing e and h by their averaged values E and B. 
The second pair of Maxwell’s equations 


div D = 0, curl H = (1/c) 0D/ct (76.4) 


50 retain their form in moving media. This is seen from the arguments given in §75, in 
which we used only general properties of bodies (e.g. that the total charge 1s zero), equally 
lid for moving bodies and bodies at rest. However, the relations between D and E, and B 
d H, need not be the same as in bodies at rest. 

Since they are valid for bodies both at rest and in motion, equations (76.4) must be 
altered by the Lorentz transformation. For a field in a vacuum, the vectors D and H are 
= Same as E and B, and the relativistic invariance of the second pair of Maxwell’s 
tations appears in the fact that they also can be written in four-dimensional form, using 
same tensor F,,: OF*/ðx" = 0 (see Fields, §30). Hence it is clear that, to ensure the 
ativistic invariance of equations (76.4), it is necessary that the components of the vectors 
aT d H should be transformed as the components of a four-tensor exactly similar to F ee 
Ich we denote by H: 


0 D, Dd, : 0 -D, -D, D, 

= A 0 =H: H, HY __ D, 0 —H, H 
= D, H, 0 nee H, ? H = D, H, 0 a H (76.5) 

=D, —H, HH 0 D, —H, H, 0 


pa 


In the present section the four-dimensional tensor suffixes, which take the values 0, 1, 2, 3, are denoted by 
Sk letters À, p, v. an: 
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Using this tensor, we can write equations (76.4) in the form 
0H**/0x" = 0. (76.6) 


Having elucidated that the quantities E, D, H, B form four-dimensional tensors, We 
have also ascertained the law of their transformation from one frame of reference to 
another. However, we are interested rather in the relations between the quantities jp a 
moving medium, which generalize the relations D = £E and B = „H valid in a medium a 
rest. 

We denote by u” the velocity four-vector of the medium; its components are related to 
the three-dimensional velocity v by 


ut =| —— c, —_________ ]. 
VJ (1 — v?/c?) c./ (1 —v?/c?) 

From this four-vector and the four-tensors F*” and H*” we form combinations which 
become E and D in a medium at rest. These combinations are the four-vectors F oil and 
H““u,; for v = 0 their time components are zero and their Space components are E and D 
respectively. The four-dimensional generalization of the equation D = cE is therefore 
evidentlyt 

Hu = eF fu . (76.7) 


Similarly, we see that the generalization of B = 4H is the four-dimensional equation 
Fut, ap F yu, sl Fau, = H(H ipuy ots Au; T H,,u,). (76.8) 


Returning from the four-dimensional to the three-dimensional notation, we derive from 
these two equations the vector relationst 


D+vxH/c = e(E + v x B/c), } (76.9) 
B+E xv/c = n(H+ D x v/o). 


These formulae, first derived by H. Minkowski (1908), are exact in the sense that no 
assumption has yet been made concerning the magnitude of the velocity. If the ratio v/c 18 
assumed small the equations can be solved for D and B as far as terms of the first order t0 


give 
D = cE + (eu — Dv x H/c, ` (76.10) 


B = 4H + (ep — DE Xx v/c. (76-i!) 


These formulae, together with Maxwell’s equations (76.2) and (76.4), form the basis for the 
electrodynamics of dielectrics in motion. 

The boundary conditions on Maxwell’s equations are also somewhat modified. F “a 
the equations div D = 0, div B = 0 the continuity of the normal components of t 
inductions follows as before: 


5) 
Dy = £n2> By z B,2- (76-1 
; - od b} 
The conditions on the tangential components of the fields are most simply obtained D) 
glec! 


+ It should be noted that, by writing down relations involving only the local value of the velocity, we = 
slight effects due to the possibility of a velocity gradient, such as gyromagnetic effects (§36). 

t Ifeither of the relations D = £E and B = pH does not holdin the medium at rest, the corresponding re i 
(76.9) is replaced by a different functional relation between the vector sums on the two sides of the equa 


Jatio® 
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ging from the fixed frame of reference K to another, K’, which moves with the surface 
ment considered, whose velocity along the normal u we denote by v,. The usual 
pditions, namely that E’, and H’, are continuous, hold in the frame K’. By the relativistic 
sformation formulae (see Fields, §24), these are equivalent to the continuity of the 
gential components of the vectors E + v x B/c and H — v x D/c. Taking the components 
pendicular to n and using equations (76.12), we obtain the required boundary 
ditions: 
nx(E,—E,) = v,(B, — B, )/c, l (76.13) 


nX(H,—H,) = —v,(D,—- D, )/c. 


if we substitute here the expressions (76.10) and (76.11), and neglect terms of higher 
er in v/c, we obtain 

nx(E,—E,) = Un(H2 — #4) H,/c, (76.14) 
nx (H3 —H,)= —1,(€, —€,)E,/c. 
















his approximation the values of H and E on the two sides of the surface need not be 
inguished on the right-hand sides of equations (76.14). 

f the body moves so that its surface moves tangentially to itself (e.g. a solid of 
olution rotating about its axis), then v, = 0. Only in this case do the boundary 
ditions (76.13) or (76.14) reduce to the usual conditions that E, and H, be continuous. 


PROBLEMS 


ROBLEM 1. A dielectric sphere rotates uniformly in a vacuum in a uniform static magnetic field §. 
ermine the resulting electric field near the sphere. 


OLUTION. In calculating the resulting electric field, the magnetic field may be taken to be the same as for a 
me at rest, since an allowance for the reciprocal effect of the magnetic field variation would give corrections of 
her order of smallness. Within the sphere, the magnetic field has the uniform value H® = 3§/(2 + py); cf. (8.2). 
ince the rotation is steady, the resulting electric field is constant and, like any static electric field, has a 
tial: E = — grad ¢. Outside the sphere, the potential satisfies the equation A.¢© = 0; inside the sphere, it 
SES 


AQ? = Aen — 1) -H/ce, (1) 


re Q is the angular velocity. The latter equation is obtained from div D = 0 by substituting for D the 


ession (76.10) with v = Q xr. The condition that the normal component of D be continuous at the surface of 


sphere gives 

ea = ed 

-| | + a a[Q -HË — (Q -n)(H®-n)] = — Be , (2) 
r c 





r=a r=a 


© ais the radius of the sphere and n a unit radial vector. 
som the symmetry of the sphere, the required electric field is determined by only two constant vectors, Q and 


Tom the components of these vectors we can form a bilinear scalar H-Q and a bilinear tensor §,Q, + HA; 
DH- NQ, whose trace is zero. Accordingly, we seek the field potential outside the sphere in the form 


PETA 8? C) L Niny ; 
6 * @x;0X, ee ©) 


Te D, is a constant tensor (with D; = O). the electric quadrupole moment tensor of the sphere (see Fields, 
). No term of the form constant/r can appear in ©, since such a term would give a non-zero total electric flux 
Dugh a surface surrounding the sphere, whereas the sphere is uncharged. The field potential inside the sphere is 
ght in the form 








i r? Eu — 1 š 
Ui ae E a eer -H® (r7 n a?). (4) 
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The first term is the solution of the homogeneous equation ^ ¢ = 0, and the coefficient is chosen so as to Bive 
continuity of the potential, and therefore of E,, at the surface of the sphere. Substituting (3) and (4) in (2), we 


obtain 
a Ae- t 


Di = —— 
c (3 +2e)(2 +p) 





[HQ+ H -iH ]. (5) 


Thus a quadrupole electric field is formed near the rotating sphere, and the quadrupole moment of the sphere ie 
given by formula (5). In particular, if the axis of rotation (the z-axis) is parallel to the external field, D,, has Only the 
diagonal components 


a 4(en—1) 
D,, = -————— §-9, _D,, = Dy, = — 4D, 
c (342) (2+ p) 
Similarly, a quadrupole magnetic field occurs near a sphere rotating in a uniform electric field. The ma gnetic 
quadrupole moment is given by (5) if the sign is changed and e, u, $ are replaced by p, £, € respectively, 


PROBLEM 2. A magnetized sphere rotates uniformly in a vacuum about its axis, which is parallel to the 
direction of magnetization. Determine the resulting electric field near the sphere.t 


SOLUTION. The magnetic field inside the sphere is uniform, and is expressed in terms of the constant 
magnetization M by the equations B® +2H® = 0 (cf. (8.1)) and B® —H® = 4nM, whence B® = 82M/3 
H® = — 4nM/3. The second of formulae (76.9) does not hold in this case, because the formula B = 4H is not 
valid for a ferromagnet at rest: from the first of (76.9) we have, inside the sphere, 


D = eE+evxB/c—vxH/c * 
= £E + 4r (2e + 1) v x M/3c. 


The potential of the resulting electric field outside the sphere satisfies the equation A ¢@ = 0, and that inside the 
sphere satisfies A 6” = 8r (2e + 1) MQ/3ce. 
The boundary condition that D, be continuous at the surface of the sphere gives 


6d” án (2e+1 od® 
-e| $ l PE Oea A $ l s 
or iz 3c Or E- 








rEg 


where @ is the angle between the normal n and the direction of Q and M (the z-axis). We seek 6 and ġ® in the 
forms 





ge Dann, Dy TET 
? = —— = cos’ — 1), 
2r° 4r? 
r? 4n (2e + 1) : 
p® = — D, (3 cos?@—1)+- ae - MQ (r? — a’). 
4a° 9ce 


e 


From the boundary condition we obtain the following expressions for the electric quadrupole moment of the 


rotating sphere: 


4 (2e +1) 


———— PQA D =D = —4D 
3c (2e + 3) 


zz J XxxX yy 


where -/ is the total magnetic moment of the sphere. For a metal sphere we must take £ > œ, giving 


D, = —4Q Ma? /3c. 


§77. The dispersion of the permittivity 
netic 


Let us now go on to study the important subject of rapidly varying electromag d 


fields, whose frequencies are not restricted to be small in comparison with the frequen 


i - : | 
t If the direction of magnetization is not the same as that of the axis of rotation, the problem is considerably 
changed, since the sphere then emits electromagnetic waves. 
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which characterize the establishment of the electric and magnetic polarization of the 
substances concerned. 

Anelectromagnetic field variable in time must necessarily be variable in space also. Fora 
frequency œw, the spatial periodicity is characterized by a wavelength å ~ c/a. As the 
frequency increases, À eventually becomes comparable with the atomic dimensions a. The 
macroscopic description of the field is thereafter invalid. 

The question may arise whether there is any frequency range in which, on the one hand. 
dispersion phenomena are important but, on the other hand, the macroscopic formulation 
still holds good. It is easy to see that such a range must exist. The most rapid manner of 
establishment of the electric or magnetic polarization in matter is the electronic 
mechanism. Its relaxation time is of the order of the atomic time a/v, where v is the velocity 
of the electrons in the atom. Since v < c, even the wavelength À ~ ac/v corresponding to 
these times is large compared with a. 

In what follows we shall assume the condition 4 > a to hold.t It must be borne in mind, 
however, that this condition may not be sufficient: for metals at low temperatures there is a 
range of frequencies in which the macroscopic theory is inapplicable, although the 
inequality c/w > a is satisfied (see §87). 

The formal theory given below is equally applicable to metals and to dielectrics. At 
frequencies corresponding to the motion of the electrons within the atoms (optical 
frequencies) and at higher frequencies, there is. indeed, not even a quantitative difference in 
the properties of metals and dielectrics. 

It is clear from the discussion in §75 that Maxwell’s equations 


divD=0, divB=0, (77.1) 
curl E = —(1/9@B/ét, curl H = (1/¢) ô D/ôt (77.2) 


remain formally the same in arbitrary variable electromagnetic fields. These equations are, 
however, largely useless until the relations between the quantities D, B, E and H which 
appear in them have been established. At the high frequencies at present under 
consideration. these relations bear no resemblance to those which are valid in the static case 
and which we have used for variable fields in the absence of dispersion. 

First of all, the principal property of these relations, namely the dependence of D and B 
only on the values of E and H at the instant considered, no longer holds good. In the 
general case of an arbitrary variable field. the values of D and B at a given instant are not 
determined only by the values of E and H at that instant. On the contrary, they depend in 
general on the values of E(t) and H(t) at every previous instant. This expresses the fact that 
the establishment of the electric or magnetic polarization of the matter cannot keep up 
with the change in the electromagnetic field. The frequencies at which dispersion 
phenomena first appear may be completely different for the electric and the magnetic 
properties of the substance. 

In the present section we shall refer to the dependence of D on E; the specific features of 
the dispersion of magnetic properties will be discussed in §79. 

The polarization vector P has been introduced in 86 by means of the definition 
p = — div P, p being the true (microscopic) charge density. This equation expresses the 


+ The effects (called the natural optical activity) resulting from terms of the next order in the small ratio a; 2 will 
be considered in §§104—106. 
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electric neutrality of the body as a whole, and together with the condition P = 0 outside the 
body it shows that the total electric moment of the body is J P dV. This derivation jg | 
evidently valid for variable as well as for static fields. Thus in any variable field, even jf — 
dispersion is present, the vector P = (D — E)/4z retains its physical significance: it iS the 
electric moment per unit volume. 

In rapidly varying fields, the field strengths involved are usually fairly small. Hence the 
relation between D and E can always be taken to be linear.t The most general linear 
relation between D (t) and the values of the function E(t) at all previous instants can be 
written in the integral form 


D(t) = E()+ | f(t) E(t —1) dt. (77.3) 


It is convenient to separate the term E(t), for reasons which will become evident later. In 
equation (77.3) f (t) is a function of time and of the properties of the medium. By analogy 
with the electrostatic formula D = £E, we write the relation (77.3) in the symbolic form 
D = éE, where ĉ is a linear integral operator whose effect is shown by (77.3). 

Any variable field can be resolved by a Fourier expansion into a series of monochro- 
matic components, in which all quantities depend on time through the factor e~‘. For 
such fields the relation (77.3) between D and E becomes 


D = elw) E, (774) 


where the function ¢(@) is defined as 
elo) = 1+ f f (i)e dr. (11.5) 
o 


Thus, for periodic fields, we can regard the permittivity (the coefficient of proportionality 
between D and E) as a function of the field frequency as well as of the properties of the 
medium. The dependence of ¢ on the frequency is called its dispersion relation. 

The function ¢(q) is in general complex. We denote its real and imaginary parts by «and 


i elw) = £ (œw) + ie” (œ). (17.6) 
From the definition (77.5) we see at once that 
e(— w) = &* (0). (77.0 
Separating the real and imaginary parts, we have 
e'(—@) = £ (a), e"(—@) = — £" (a). (778) 


Thus z'(%w) is an even function of the frequency, and e”(q) is an odd function. . 
For frequencies which are small compared with those at which the dispersion begins, ' 

can expand ¢(c) as a power series in œw. The expansion of the even function e (a) conta” 

only even powers, and that of the odd function £” (œw) contains only odd powers. In the lim! 


ns, We 


+ Here we assume that D depends linearly on E alone, and not on H. Inaconstant field, a linear dependencé a 
D on H is excluded by the requirement of invariance with respect to time reversal. In a variable field, this conditl© 
no longer applies, and a linear relation between D and H is possible if the substance possesses symmetly ¢ 
various kinds. It is, however, a small effect of the order of a/A, of the kind mentioned in the last footnote. 
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w — 0, the function (w) in dielectrics tends, of course, to the electrostatic permittivity, 
ich we here denote by £o. In dielectrics, therefore, the expansion of ¢' (w) begins with the 
stant term & , while that of £” (œ) begins, in general, with a term in æ. 

The function (w) at low frequencies can also be discussed for metals, if it is defined in 
a way that, in the limit œ — 0, the question 


curl H = (1/c)¢ D/ct 


somes the equation 
curl H = 470 E/c 


ra static field in a conductor. Comparing the two equations, we see that for w — 0 we 
ist have ô D/ôt — 4x0 E. But, in a periodic field, ¢e D/ôt = — iwe E, and we thus obtain 
e following expression for (œw) in the limit of low frequencies: 


elw) = 4zia/o. (77.9) 


us the expansion of the function ¢ (w) in conductors begins with an imaginary term in 
lw, which is expressed in terms of the ordinary conductivity o for steady currents.t The 
xt term in the expansion of £ (w) is a real constant, although for metals this constant does 
yt have the same electrostatic significance as it does for dielectrics.t 
Moreover, this term of the expansion may again be devoid of significance if the effects of 
e spatial non-uniformity of the field of the electromagnetic wave appear before those of 
S periodicity in time. 


18. The permittivity at very high frequencies 


In the limit as w — œ, the function ¢(@) tends to unity. This is evident from simple 
hysical considerations: when the field changes sufficiently rapidly, the polarization 
rocesses responsible for the difference between the field E and the induction D cannot 
ecur at all. 

Itis possible to establish the limiting form of the function e (w) at high frequencies, which 
valid for all bodies, whether metals or dielectrics. The field frequency is assumed large 
Ompared with the frequencies of the motion of all, or at least the majority, of the electrons 
1 the atoms forming the body. When this condition holds, we can calculate the 
olarization of the substance by regarding the electrons as free and neglecting their 
ateraction with one another and with the nuclei of the atoms. 

The velocities v of the motion of the electrons in the atoms are small compared with the 
: Ocity of light. Hence the distances v/œw which they traverse during one period of the 
“ctromagnetic wave are small compared with the wavelength c/a. For this reason we can 
5 a the wave field uniform in determining the velocity acquired by an electron in that 
The equation of motion is m dv'/dt = eE = eE,e ‘, where e and m are the electron 
large and mass, and v is the additional velocity acquired by the electron in the wave field. 





















T The imagi t of the functi i i 

ginary part of the function € (w) is sometimes represented in the form (77.9) for all frequencies; thi 
1 i ; $ : ; cies; this 
E to introducing a new function c (w), which has no physical significance apart from its A anship to 
To avoid misunderstanding, we should point out a slight change in notation i i i 
ation (75.10) for poor conductors, &(@) is (4nio/w) +e. 3 Ge as ta 
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Hence v = ieE/ma. The displacement r of the electron due to the field is given by f = y 
and therefore r = — eE/ma”’. The polarization P of the body is the dipole moment per upi 
volume. Summing over all electrons, we find P = Ler = — e° NE/mo’, where N is the 
number of electrons in all the atoms in unit volume of the substance. By the definition of 
the electric induction, we have D = £E = E +47 P. We thus have the formula 


elw) = 1—42Ne?/ma”. . (78.1) 


The range of frequencies over which this formula is applicable begins, in practice, at the 
far ultra-violet for light elements and at the X-ray region for heavier elements. 

If e(%) is to retain the significance which it has in Maxwell’s equations, the frequency 
must also satisfy the condition œ < c/a. We shall see later (§124), however, that the 
expression (78.1) can be allotted a certain physical significance even at higher frequencies 


$79. The dispersion of the magnetic permeability 


Unlike (w), the magnetic permeability 4 (œw) ceases to have any physical meaning at 
relatively low frequencies. To take account of the deviation of u (œw) from unity would then 
be an unwarrantable refinement. To show this, let us investigate to what extent the physical 
meaning of the quantity M = (B — H)/4z, as being the magnetic moment per unit volume, 
is maintained in a variable field. The magnetic moment of a body is, by definition, the 
integral 


1 e 
— f xpvy dV. (79.1) 
2c 


The mean value of the microscopic current density is related to the mean field by equation 
(75.7): 


Ar — 
curl B = — pv +--_. (79.2) 
c c 


Subtracting the equation curl H = (1/c)êD/ôt, we obtain 


py =ccurlM+€éP/ét. (79.3) 


» 


The integral (79.1) can, as shown in §29, be put in the form {Mdr only if py =c curl M 
and M = 0 outside the body. 

Thus the physical meaning of M, and therefore of the magnetic susceptibility, depends 
on the possibility of neglecting the term ĉP;/ôt in (79.3). Let us see to what extent the 
conditions can be fulfilled which make this neglect permissible. an 

For a given frequency, the most favourable conditions for measuring the susceptibili y 
are those where the body is as small as possible (to increase the space derivatives in curl a 
and the electric field is as weak as possible (to reduce P). The field of an electromagn® 3 
wave does not satisfy the latter condition, because E ~ H. Let us therefore conic 
variable magnetic field, say in a solenoid, with the body under investigation placed on ia 
axis. The electric field is due only to induction by the variable magnetic field. and the Of on 
of magnitude of E inside the body can be obtained by estimating the terms in the equat? 
curl E = —(1/c)@B/ét, whence E/I ~ wH/c or E ~ (al/c)H, where I is the dimension S 


the body. Putting £ — 1 ~ 1, we have 0P/ét ~ wE ~ w*!H/c. For the space derivatives d 
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agnetic moment M = y H we have c curl M ~ cyH/I. If | P/ét| is small compared 
h |c curl M|, we must have 


I? < xc? /m?. (79.4) 


s evident that the concept of magnetic susceptibility can be meaningful only if this 
quality allows dimensions of the body which are (at least) just macroscopic, i.e. if it is 
npatible with the inequality | > a, where a is the atomic dimension. This condition is 
ainly not fulfilled for the opie frequency range; for such frequencies, the magnetic 
ce ptibility 1 is always ~ v?/c?, where v is the electron velocity in the atom;t but the optical 
juencies themselves are ~ v/a, and therefore the right-hand side of the inequality (79.4) 
a’. 

hus there is no meaning in using the magnetic susceptibility from optical frequencies 
yard, and in discussing such phenomena we must put u = 1. To distinguish between B 
d Hin this frequency range would be an over-refinement. Actually, the same is true for 
ny phenomena even at frequencies well below the optical range.t 

The presence of a considerable dispersion of the permeability makes possible the 
stence of quasi-steady oscillations of the magnetization in ferromagnetic bodies. In 
Jer to exclude the possible influence of the conductivity, we shall consider ferrites, which 
> non-metallic ferromagnets. 

The term ‘ ‘quasi-steady” means, as usual (§58), that the frequency is assumed to satisfy 
; condition w < c/l, where l is the characteristic dimension of the body (or the 
avelength” of the oscillation). In addition, we shall neglect the exchange energy related 
the inhomogeneity of the magnetization resulting from the oscillations; that is, the 
atial dispersion (§103) of the permeability is assumed to be unimportant. For this, the 
Nensions ? must be much greater than the characteristic length for the inhomogeneity 
ergy: l> a a, where « is of the order of the coefficients in (43.1). 

Ne can put H and B in the forms H = Ho + H,, B = Bo + B,, where Ho and By are the 
ld and induction in the statically magnetized body, H' and B’ the variable parts in the 
cillations. When the displacement current is neglected, these variable parts satisfy the 
uations 

































curl H' = 0, div B’ =Q, (79.5) 


hich differ from the magnetostatic equations only in that the permeability is now (for a 
Snochromatic field oc e~*') a function of the frequency, not a constant.§ A ferro- 
agnetic medium is magnetically anisotropic, and its permeability is therefore a tensor 


4 which determines the linear relation between the variable parts of the induction and 
€ field. 


y t This estimate relates to the diamagnetic susceptibility; the relaxation times of any paramagnetic or 
TOmagnetic processes are certainly long compared with the optical periods. It must be emphasized, however, 
at the estimates are made for an isotropic body, and must be used with caution when applied to ferromagnets. In 
ticular, the gyrotropic terms in the tensor Hi, which decrease only slowly (as 1/w) with increasing frequency 
€ Problem 1) may be important even at fairly high frequencies. 

; This is discussed from a somewhat different standpoint in §103 below; see the second footnote to that 
ction. 

$ These oscillations are therefore called magnetostatic oscillations. The theory has been piven by C. Kittel 


947) for homogeneous (see below) magnetostatic oscillations and by L. R. Walker (1957) for inhomogeneous 
les, 
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The first equation (79.5) shows that the magnetic field has a potential: H' = — grad y. 
Substituting in the second equation B’, = p; H', = — Hi Ow/ex,, we then obtain an 
equation for the potential within the body: 


Hik (œw) y / Ox; OX, = 0. (79.6) 


Outside the body, the potential satisfies Laplace’s equation Ay = 0; on the surface, H’, 
and B’, must as usual be continuous. The first condition is equivalent to the continuity of 
the potential y itself; the second implies the continuity of ;,n,0~ /0x,, where n is a unit 
vector along the normal to the surface. Far from the body, we must have y — 0. 

The problem thus formulated has non-trivial solutions only for certain values of the p, 
regarded as parameters. Equating the functions p,,(@) to these, we find the natural 
oscillation frequencies of the magnetization of the body, called the inhomogeneous 
ferromagnetic resonance frequencies. 

The simplest type of magnetostatic oscillation of a uniformly magnetized ellipsoid 
consists in oscillations which maintain the uniformity, the magnetization oscillating as a 
whole. To find their frequencies, it is not necessary to obtain a new solution of the field 
equations; they can be derived directly from the relations (29.14): 


H; +n, (B,—H,) = 93, (79.7) 


where n, is the demagnetizing factor tensor of the ellipsoid; H and B relate to the field 
within it, and His the external magnetic field. The latter is assumed to be uniform; in H and 
B, we again separate the oscillatory parts H’ and B’, which are now uniform throughout the 
body. For these we have 


Hi; +ny(B,—H,) = 0 
or 
(Ör + 42 X) H’, = 9, 
with the magnetic susceptibility tensor 7,,(@) defined by Hig = 6,, + 47y,,. Equating to zero 
the determinant of this system of linear homogeneous equations, we find 
det |ð; + 471 X (| = 9, (79.8) 


the roots of which give the natural oscillation frequencies. These ase called the 
homogeneous ferromagnetic resonance frequencies. 


PROBLEMS 


PROBLEM 1. Using the macroscopic equation of motion of the magnetic moment (the Landau-Lifsbiti 
equation; see SP 2, (69.9)), derive the magnetic permeability tensor for a uniformly magnetized uniax 
ferromagnet of the easy-axis type, in the absence of dissipation (L. D. Landau and E. M. Lifshitz. 1935). 


SOLUTION. The equation of motion of the magnetization in a ferromagnet is 
M = (H+ BM, v) xM. 


where y = gje|/2mc (g being the gyromagnetic ratio), 8 > 0 the anisotropy coefficient, and v a unit vector a 
the axis of easy magnetization (the z-axis). We write H = Ho + H’, where H’ is a small variable field in a 
direction, and H, a constant field which we take to be along the z-axis:T The transverse magnetization M,, My 





+ This field is used here with a view to applying the results in the subsequent Problems. 
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o H’ is also small; M, = M = constant. Neglecting second-order small quantities, we find the equations 
—ioM, = —)~(H)>+BM)M,+yMH,, 

— iwM, = (Ho + BM)M, —yMH,. 

On determining M, and M, from these equations, we find the susceptibility (as the coefficients in the relations 
‘= XH) and hence the permeability 


ân Wy (Cy + Cy) 


Hae = hy = I = H, Me: = 1, 


7 B wo? — (wy + Oy) 


(1) 
i an WOM 14 0 
Hx = =H x eh Ames i.) LO sa? XZ = ba = > 
é ý B w? -— loy + oy) eats 
here (x, = YBM, wy = yHo. A ferromagnetic medium is thus gyrotropic, in the sense defined in § 101. 


PROBLEM 2. Find the homogeneous ferromagnetic resonance frequencies for an ellipsoid with one principal 
xis along the axis of easy magnetization. An external field is applied in that direction (C. Kittel, 1947).t 


SOLUTION. Within the ellipsoid there is a field H, = §—42nM along the z-axis (the axis of easy 
apnetization); n™, n®, n” are the demagnetizing factors along the principal axes of the ellipsoid. A simple 
alculation of the determinant (79.8) gives 

wo™a™ — ew? 

——— i ma 0, 

(Om +p)? — w? 


wo) = y[MB + §+4nM (n—n)], 
o0 = y [MB + H+ 40M (n® —n?)], 


he homogeneous resonance frequency is therefore 
ie J (oo). 


or example, in the case of a sphere n™ = n” = n® = 4, and the resonance frequency is @ = y(MB + §). Fora 
ane-parallel slab whose surface is perpendicular to the easy-magnetization axis we have n =n = 0, n® = 1, 
id the resonance frequency is w = (MB + §—4nM); the slab ts magnetized if MB + $9 > 4xM. 


PROBLEM 3. Find the dispersion relation for magnetostatic Oscillations in an infinite medium. 


SOLUTION. With the tensor pi, from (1), equation (79.6) becomes 


ap PY ew 
Ae +— ]+—- =0. (2) 
ax? ay’ Oz? 
Utting y oc eK, we find p(w) = —cot? 0, where 6 is the angle between k and the easy-magnetization axis (the z- 


). With p(w) from (1) ($ = 0), the oscillation frequency iS 
w = yM (B + 4r sin? OY. 


. is depends only on the direction of the wave vector, not on its magnitude. The result agrees, as it should, with 
he limit (as k > 0) of the dispersion relation for spin waves in a ferromagnet; see SP 2, §70. 


PROBLEM 4. Find the inhomogeneous resonance frequencies in an infinite plane-parallel slab whose surface 
Perpendicular to the easy-magnetization axis. An external field § is applied in that direction. 


SOLUTION. It is necessary to solve equation (2) for the potential y within the slab, and the equation 
‘y©) — Q for the potential outside the slab, with the boundary conditions 


yO = ye, oy /dz = df /dz for z= + L. 
yo 0 as \z| > ©; 


the z-axis is perpendicular to the slab surface, the plane z = 0 bisects the slab, and 2Z is the slab thickness. Such a 


+ In Problems 2-4 the permeability of the substance is assumed to be given by the equations (1). 
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solution may be an even or odd function of z. In the first case. 
= Acosk,ze**, y = Beg kell eik,x, 
with pk,” = —k,” (the wave vector is in the xz-plane); the boundary conditions give the relation. 
tank, L = k,/k,. (3) 
In the second case, 
p= Asink,zek*, yO = + Behl eik, 

and the boundary conditions give 

tan k, L = —k,_/k,. (4) 


The demagnetizing factor of the slab is n® = 1, and the demagnetizing field is therefore — 47M. With p(w) from 
(1), we find the oscillation frequency 


w? = y?(MB + §—4nM) (MB + H—4nM cos? 6), (5) 


where 0 is the angle between k and the z-axis. For any value of k, there is a discrete infinity of k, values given by the 
conditions (3) and (4). The corresponding frequencies are given by (5), and depend only on the ratio k,/k,. All 
possible frequency values lie in the range 


y(MB + §—4nM) < w < »[(MB + §—4nM) (MB + §)FP. 


As k, + 0, only symmetrical oscillations are possible, and from (3) kL ~ (k,L)’, i.e. is a second-order small 
quantity. Accordingly, we put 8 = 0 in (5)and obtain a frequency equal to the homogeneous resonance frequency, 
as it should be. i 


§80. The field energy in dispersive media 


The formula 
S=cExH/4z (80.1) 


for the energy flux density remains valid in variable electromagnetic fields, even if 
dispersion is present. This is evident from the arguments given at the end of §30: on account 
of the continuity of the tangential components of E and H, formula (80.1) follows from the 
condition that the normal component of S be continuous at the boundary of the body and 
the validity of the same formula in the vacuum outside the body. 

The rate of change of the energy in unit volume of the body is div S. Using Maxwell's 
equations, we can write this expression as 


1 cD cB 
— 1 = ___. . ar = 80.2) 
divS = (E ar +H ar ) ( 


see (75.15). In a dielectric medium without dispersion. when e and p are real constants, this 
quantity can be regarded as the rate of change of the electromagnetic energy 


U = (£E? + wH?)/8z, (80.3) 


which has an exact thermodynamic significance: it is the difference between the internal 
energy per unit volume with and without the field, the density and entropy remaining 
unchanged. — . an 
In the presence of dispersion, no such simple interpretation is possible. Moreover, in i 
general case of arbitrary dispersion, the electromagnetic energy cannot be rationa 
defined as a thermodynamic quantity. This is because the presence of dispersion in gener a 
signifies a dissipation of energy, i.e. a dispersive medium is also an absorbing medium- 
To determine this dissipation, let us consider a monochromatic electromagnetic field. By 
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veraging With respect to time the expression (80.2), we find the steady inflow of energy per 
nit time and volume from the external sources which maintain the field. Since the 
mplitude of the field is assumed constant, all of this energy goes to compensate the 
issipation. Under the conditions stated, therefore, the time average of (80.2) is the mean 
uantity Q of heat evolved per unit time and volume. 

Since the expression (80.2) is quadratic in the fields, all quantities must be written in real 
orm. If, as is convenient for a monochromatic field, we take E and H to be complex, 
jen in (80.2) we must substitute for E and €D/¢t respectively }(E + E*) and 3(—iweE 
iwe*E*), and similarly for H and CB/ct. On averaging with respect to time, the products 
“E and E*- E*, which contain factors et", give zero, leaving 


Q =E [et E-E* + tw] = "IEP +H IH?) (804) 
Tl S71 


his expression can also be written 
Q = w(e" E? + p" H? )/4z, (80.5) 


here E and H are the real fields, and the bar denotes an average with respect to time; cf. the 
st footnote to § 59. 

It is easy to derive also a formula for the energy dissipation in a non-monochromatic 
eld which tends sufficiently rapidly to zero as t+ + oo. In this case it is appropriate to 
msider the dissipation not per unit time but over the whole duration of the existence of 
the field. 

Expanding the field E(t) as a Fourier integral, we write 


E(t) = | E e '* da/2n, 


=O 


—i | we (w)E, e` dw/27, 


= & 


CD(t) es 
ôa o 


ith E_., = E*. Writing the products of these quantities as a double integral and then 
itegrating with respect to time, we have 


oO oO 


1 cD i , dwda’ 
i ae k _e i@t+oy ——— dt. 
| B-a aa | | eae ia (ny? 
he integration with respect to £ is effected by means of the formula 


Xi 


| e“to+o% dt = 2r (w +w’), 


nd the delta function is then eliminated by the integration over w’. The result is 


i dw 
ees 2 
a | orton Se. 
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On substituting ¢ = ¢’+ie”, the term in g'(œ) vanishes in the integration, since the 
integrand is an odd function of w. With a similar expression for the magnetic field, we have 
finally 


a 


a r 2 r 2 dw. 
| oa= i- | ot (OEP +2" HP 1S (80.5 


— © ~ %0 


the integral from — œ to œ can be replaced by twice the integral from 0 to œ. 

These formulae show that the absorption (dissipation) of energy is determined by the 
imaginary parts of and u. The two terms in (80.5) are called the electric and magnetic losses 
respectively. On account of the law of increase of entropy, the sign of these losses jg 
determinate: the dissipation of energy is accompanied by the evolution of heat, i.e. O > 0. It 
therefore follows that the imaginary parts of € and p are always positive: 


E > 0. pw’ > 0 (80.7) 


for all substances and at all (positive) frequencies.} The signs of the real parts of £ and ufor 
w # 0 are subject to no physical restriction. 

Any non-steady process in an actual body is to some extent thermodynamically 
irreversible. The electric and magnetic losses in a variable electromagnetic field therefore 
always occur to some extent, however slight. That is, the functions e” (œ) and p” (œ) are not 
exactly zero for any frequency other than zero. We shall see in § 81 that this statement is of 
fundamental importance, although it does not exclude the possibility of only very small 
losses in certain frequency ranges. Such ranges, in which £” and p” are very small in 
comparison with ¢’ and p’, are called transparency ranges. It is possible to neglect the 
absorption in these ranges and to introduce the concept of the internal energy of the body 
in the electromagnetic field, in the same sense as in a static field. To determine this 
quantity, it is not sufficient to consider a purely monochromatic field, since the strict 
periodicity results in no steady accumulation of electromagnetic energy. Let us therefore 
consider a field whose components have frequencies in a narrow range about some mean 
value wọ. The field strengths can be written 


E = E, (tet, H = Ho (tee, (80.8) 


where E, (t) and H,(t) are functions of time which vary only slowly in comparison with the 
factor e~ ‘°°'. The real parts of these expressions are to be substituted on the right-hand 
side of (80.2), and we then average with respect to time over the period 27/@ọ, which '8 
small compared with the time of variation of the factors Eo and Ho. 

The first term in (80.2), with E written in complex form. is 


(E+ E*)-3(D + D*)/4z, 


: : J d 
and similarly for the second term. The products E- D and E* - D* vanish when average 


. J 

+ This statement applies to bodies which, in the absence of the variable field. are in thermodyna i 
equilibrium; we assume this condition to hold. If the body is not in thermal equilibrium, then Q may ın pri” ao! 
be negative. The second law of thermodynamics requires only a net increase in entropy asa result of the any A 
the variable electromagnetic field and of the absence of thermodynamic equilibrium, the latter effect a 
independent of the presence of the field. An example of such a body is one in which all the atoms have been excl 
artificially (i.e. not by spontaneous thermal excitation, but by an external “pumping” field). 

a 
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yer time, and can therefore be ignored, leaving 


l E F éD* + E* oD 
Vs eae aL (80.9) 


fe write the derivative CD/Ct as Í E, where f is the operator ĉf/ôt, and ascertain the effect 
this operator on a function of the form (80.8). If E, were a constant, we should have 
mply JE = f(@)E, where f (w) = — ime(w). We expand the function Eo (t) as a series of 
drier components E,,e  , with constant Eg,- Since E, (t) varies only slowly, this series 
Hi include only components with « < w,. We can therefore put 


fE eCo to = f (x + wo)Eo,e 7 ot 


= f(0)Eo e +A SE „S C0) Ene Coto 
dw, 


mming the Fourier components, we have 


fE,(t)e7 @ot = f(W.)E,e7 ot ae Af (@o) CE eieo. 





dw, ôt 
nitting henceforward the suffix 0 to œ, we thus obtain 
cD d(we) CE, _. 
—=-i E ——-e °F, 80.10 
ar iwe(w)E + aad e ( ) 


tituting this expression in (80.9) and neglecting the imaginary part of (a) gives 


1 dfo) f , CE, 2E *\ 1 d(we) ô p 
Tee (£. a op e a a 








æ E-E* = E,-E,*. Adding a similar expression involving the magnetic field, we 
clude that the steady rate of change of the energy in unit volume is given by dU/dt, 
a 


O = Fea ge Ee | (80.11) 
dw 





l6z| dw 


erms of the real fields E and H this expression can be written 


mee Sod T Oe (80.12) 
Sz} dw dw 


Brillouin, 1921). 

‘Dis is the required result: U is the mean value of the electromagnetic part of the internal 
‘BY per unit volume of a transparent medium. If there is no dispersion, £ and u are 
Stants, and (80.12) becomes the mean value of (80.3), as it should. 

| the external supply of electromagnetic energy to the body is cut off, the absorption 
ch is always present (even though very small) ultimately converts the energy U entirely 
> heat. Since, by the law of increase of entropy, there must be evolution and not 
Orption of heat, we must have U >O. It therefore follows, by (80.11), that the 
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must hold. In reality, these conditions are necessarily fulfilled, by virtue of more stringent 
inequalities always satisfied by the functions e(%) and u(%) in transparency ranges (see the 
footnote to §84). 

It should be emphasized once more that the expression (80.12) has been derived in the 
first approximation with respect to the frequencies « with which the amplitude E, (t) varies. 
It is therefore valid only for fields whose amplitude varies sufficiently slowly with time. This 
comment applies also to the calculation of the stress tensor in §81. 


§81. The stress tensor in dispersive media 


Another topic of considerable interest is the determination of the (time) averaged stress 
tensor giving the forces on matter in a variable electric field. We shall show that, even when 
dispersion is present (but absorption is again absent), the expression for this tensor 
contains no derivatives with respect to the frequency, unlike the energy equation (80.12). In 
particular, for a transparent isotropic dispersive fluid in a monochromatic electric field, the 
mean value G,, is derived from (15.9) by simply replacing £ by £(%w) and the products E;E, 
and E? by their mean values E;E, and E? (L. P. Pitaevskii, 1960). 

To prove this, we return to the proof given in §15 and reformulate it to some extent. We 
there considered a dielectric-filled plane capacitor and determined the stress tensor from 
the equality between the work done by the ponderomotive forces in a movement of the 
plates and the change in the appropriate thermodynamic potential. We now write this 
condition for total quantities (not those per unit area), in the form 


ÁOGN, = (OU) ¢ e (81.1) 


where A is the area of the capacitor plates. The potential F¥ is here replaced by the ordinary 
energy %, the change in which is taken for fixed values of the entropy ¥ of the dielectric 
and of the total charges + e on the capacitor plates (instead of a fixed potential #), and the 
result (5F), 4 = (5 U)y e given by the theorem of small increments is used. 

In the form (81.1), this condition has a particularly simple significance: a thermally 
insulated capacitor with fixed charges on the plates is an electrically closed system. If 
mechanical work is done on it (to move the plates) by an external source, all the work goes 
to increase the energy of the capacitor. The latter is 


U = Uo t+e?/2C, (81.2) 


where %, is the energy of the dielectric in the absence of the field (for the same value of the 
entropy S) and C is the capacitance. For a plane capacitor, C = ¢A/4zh, where h is the 
distance between the plates. Hence 





e? 


IC 
On expressing 5C in terms of the displacement ¢ of the plates (taking into account the 


dependence of ¢ on the density of the dielectric, which is changed by the displacement), we 
immediately find (15.9)*; since the result is obvious, it will not be given here. 


(ô Y lse = (ô Uo)y — (OC) y- (81.3) 


+ Itis expressed in terms of different variables, with the adiabatic instead of the isothermal derivative 0e/Op and 
function P,. The two forms are, of course, equivalent. 
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When dispersion is present, the expression for W is different. We shall show that the 


relation (81.3), however, remains valid for the time-averaged variation 6 Y, and this will 
complete the proof of the above statement concerning the averaged stress tensor. 

Let the charge on the capacitor plates vary monochromatically with frequency œw. Then 
the capacitor itself is not an electrically closed system, since charge has to be supplied and 
withdrawn. The oscillatory circuit with natural frequency œ consisting of the capacitor and 
an appropriately chosen self-inductance is an electrically closed system, however; the 
relation (81.1) is therefore valid for its energy. 

In the absence of resistance, the potential difference ¢ between the capacitor plates is 
equal to the sum of the external e.m.f. and the self-inductance e.m.f.: 


p= 6—aL—. (81.4) 


and the current J is related to the capacitor plate charge e by J = de/dt. For quantities 
varying monochromatically, the capacitance C(q) is by definition such that ¢ = e/C(w). 


Putting & = 0, J = —iwe, in (81.4) we find first of all that even when there is dispersion of 
the capacitance the circuit frequency again satisfies Thomson’s relation (62.5): 
w = c/./ [LC(o)]. (81.5) 


Next, multiplying (81.4) by J = de/dt and considering almost monochromatic quantities 
as in the derivation of (80.12), we easily find 


d {1_— d@C) 1 
a= 5} LF NO eet, 





2 dw 2 


The form of this equation shows that the expression in the braces is the energy ‘4% of the 
oscillatory circuit. The first term in this expression can be transformed by substituting 
J = —imwe and using (81.5): 


1 1 -5 1 —— — 
z J? = zzz Lo? et = aa LC? wo $* =1C¢?. 
The final expression for the circuit energy is} 
— 1d(w*0) ,> 
u= eo EP (81.6) 


We have to calculate the variation of this energy for a small displacement of the capacitor 
plates, i.e., for a small change in the capacitance. In a variable field, this displacement is to 
be regarded as taking place with infinite slowness. In such a change, the adiabatic invariant 
given (as in any linear oscillatory system) by the ratio of the oscillation energy and the 
frequency remains constant.§ We thus have 6(U/w) = 0, i.e. 


ôU = Ubo/a. (81.7) 


+ To meet the conditions for a quasi-steady state, the circuit must be small in comparison with the wavelength 
c/w. This limitation is not a fundamental one, and does not impair the generality of the proof given. 

¢ From now on, to simplify the formulae, we omit the “non-electromagnetic” part o of the energy. 

§ Cf. Mechanics, §49. The invariance of this quantity is particularly clear from the quantum theory: the ratio 
jho is the state quantum number, which remains unchanged when the conditions vary adiabatically. 
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From (81.5), for a small change in the capacitance, 


w/w = —FZ6C/C. (81.8) 
This change consists of two parts: 


ôC = (6C), + (dC/dw)da. (81.9) 


The first term is the static part, related to the strain as in the static case; here it is importan 
that, in the presence of dispersion, the capacitance C (w) is expressed in terms of (w) in the 
same way as in the static case. The second term depends only on the frequency change 
From (81.8) and (81.9) we find as the static part ‘ 


1 dw?) 
eee | 
(60), = -~— 4 80 (81.10 





When (81.6) is substituted in (81.7), and (81.10) is used, dC/da disappears, and the energy 
variation becomes 


ÖU = —4G? (Lg = — (P /C SC) (81.11) 


which is in fact the same as the averaged second term in (81.3). 

The disappearance from 6% of the terms involving the derivative with respect to @ is 
quite general and does not depend on a specific manner of change in the state of the body 
(in this case, the capacitor). In particular, for a dispersive medium formula (14.1) (with E’ 





replaced by E? ) remains valid for the change in the free energy due to a small change in £: 
SF = — | be(w)E? dV/8x. (81.12) 


Knowing the stress tensor, we can use (75.17) to find the force on unit volume of the 
dielectric. The terms containing spatial derivatives coincide with the corresponding terms 
in the time-averaged expression (75.18), in which we must put u = 1. The term in the time 
derivative (the Abraham force) is not the same. This term arises as the difference 


1 
4nc 


e 


0 0 
|< poxm-2 Ex}, 


which is now to be averaged over time. To do so, we express D, E and H in complex a i 
(i.e. replace them by +(D + D*) and so on), and then use (80.10) for CD/ét. This giv 
Abraham force in the form 


1 


C 1 de OE 91.13) 
se nee bas S pe ee ( 
an É Lre AR BES re( ) 


ot 


(H. Vashina and V. I. Karpman, 1976). 

The stress tensor in a variable field is significant for absorbing as well as transp4 
media, unlike the internal energy, for which the problem can be formulated only nf 
neglecting the dissipation. There is, however, reason to suppose that in an absor™™ 
medium the stress tensor cannot be expressed in terms of the permittivity alone. # 
therefore cannot be derived in a general form by macroscopic methods. 


ren! 
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The analytical properties of ¢(q) 


[he function f(t) in (77.3) is finite for all values of t, including zero.t For dielectrics it 
ds to zero as t > œ. This simply expresses the fact that the value of D(t) at any instant 
not be appreciably affected by the values of E(t) at remote instants. The physical agency 
jerlying the integral relation (77.3) consists in the processes of the establishment of the 
tric polarization. Hence the range of values in which the function f(t) differs 
weciably from zero is of the order of the relaxation time which characterizes these 
cesses. 

fhe above statements are true also of metals, the only difference being that the function 
— 4nxc, rather than f(t) itself, tends to zero as t > oo. This difference arises because the 
sage of a steady conduction current, though it does not cause any actual change in the 
sical state of the metal, in our equations leads formally to the presence of an induction 
uch that (1/c)@D/ct = 4ncE/c or 


t co 
D(t) = | 4no E(t)dt = ina | E(t —t) dt. 
= 0 
Ne have defined the function e(œw) by (77.5): 
e(w)= 1+ | et f(t) dt. (82.1) 
0 


possible to derive some very general relations concerning this function by regarding w 
!complex variable (w = w + iœ”). These relations could be formulated immediately, 
€ the dielectric susceptibility [e (w) — 1 ]/47 is one of the generalized susceptibilities 
ady discussed in SP 1, §123. We shall nevertheless repeat here some of the arguments 
Tesults, both to assist the reader and to emphasize certain differences between 
Cirics and metals. From the definition (82.1) and the above-mentioned properties of 
i nction f(t), it follows that e(%w) is a one-valued function which nowhere becomes 
lite (i.e. has no singularities) in the upper half-plane. For, when œ” > 0, the integrand in 
1) includes the exponentially decreasing factor e~ °’’' and, since the function f (t) is 
€ throughout the region of integration, the integral converges. The function é(w) has 
ingularity on the real axis (w” = 0), except possibly at the origin (where, for metals, 
‘has a simple pole). 

the lower half-plane, the definition (82.1) is invalid, since the integral diverges. Hence 
Unction £ (w) can be defined in the lower half-plane only as the analytical continuation 
Mmula (82.1) from the upper half-plane, and in general has singularities. 

ie function (w) has a physical as well as a mathematical significance in the upper half- 
= It gives the relation between D and E for fields whose amplitude increases as e”! In 


c wer half-plane, this physical interpretation is not possible, if only because the 
T ce of a field which is damped as e-|@"lt implies an infinite field for t > — oo. 
Is useful to notice that the conclusion that ¢(@) is regular in the upper half-plane is, 


| Was to ensure this that the term E(t) was separated in (77.3), since otherwise the function f(t) would havea 
unction singularity at t = 0. 
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physically, a consequence of the causality principle. The integration in (77.3) is, on aCcouRj 
of this principle, taken only over times previous to t, and the region of integration jp 
formula (82.1) therefore extends from 0 to œ rather than from — œ to ©. 

It is evident also from the definition (82.1) that 


e(— ow) = &* (0). (82.2) 
This generalizes the relation (77.7) for real œw. In particular, for purely imaginary œ we have 


& (i«’’) = &* (iw) (82.3) 


i.e. the function (œ) is real on the positive imaginary axis.f _ 

It should be emphasized that the property (82.2) merely expresses the fact that the 
operator relation D = é E must give real values of D for real E. If the function E (t) is given 
by the real expression 

E= Ey ea tot 4 E,* eit, (82, 4) 


then, applying the operator Ê to each term, we have 
D = (w) Ep et +. €(—w*) Eg* e0" 


and the condition for this to be real is just (82.2). 

According to the results of §80, the imaginary part of (œ) is positive for positive real 
œw = w',i.e. on the right-hand half of the real axis. Since, by (82.2), im ¢(— @’) = — ime), 
the imaginary part of (œ) is negative on the left-hand half of this axis. Thus 


ime = 0 for œ = œw Ž 0. (82.5) 


At œ = 0, im e changes sign, passing through zero for dielectrics and through infinity for 
metals. This is the only point on the real axis for which im (œ) can vanish. 

When w tends to infinity in any manner in the upper half-plane, ¢ (w) tends to unity. This 
has been shown in §78 for the case where œw tends to infinity along the real axis. The general 
result is seen from formula (82.1): if œ — œ in such a way that œw” > œ, the integral in (82.1) 
vanishes because of the factor e-®’* in the integrand, while if œ” remains finite but 
lœ | > œ the integral vanishes because of the oscillating factor e*. 

The above properties of the function ¢(@) are sufficient to prove the following theorem: 
the function (w) does not take real values at any finite point in the upper half-plane except 
on the imaginary axis, where it decreases monotonically from £ọ > 1 (for dielectrics) Of 
from + œ (for metals) at w = i0 to 1 at œ = iœ. Hence, in particular, it follows that the 
function (œw) has no zeros in the upper half-plane. We shall not repeat here the pro’ 9 
these results given in SP 1, §123; it need only be remembered that the generalize 
susceptibility is e (œ)— 1, not (œw). al 

We shall also not repeat the derivation of the relations between the imaginary and ce d 
parts of (œ), but give only the final formulae, with the notation appropriat 5 
modified. We write the function e (œ) of the real variable œ, as in §77, in the for 


a or ints 

+ This is not in general true for the negative imaginary axis. Here the function ¢(@) may have branch Pa f- 
and a cut along the negative axis may be necessary in order to define it as an analytic function in the lower f 
plane. Equation (82.2) then signifies only that e(w) has complex conjugate values on the two sides of the 


BS 
= 
"EE 
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(@) = £ (w) + ie” (w). If e(œ) relates to a dielectric, the relations in question are 





E(w) —1 =~ | — dx, (82.6) 
e” (œw) = -ip | Pa Ad (82.7) 




















-0 


L A. Kramers and R. de L. Kronig, 1927). It should be emphasized that the only important 
operty of the function ¢(c) used in the proof is that it is regular in the upper half-plane. 
ence we can say that Kramers and Kronig’s formulae, like this property of ¢(@), are a 
rect consequence of the causality principle. 

Using the fact that £” (x) is an odd function, we can rewrite (82.6) as 


cO 


Pe es | xE C (82.8) 
T x*w 7 





0 


If a metal is concerned, the function ¢(w) has a pole at the point œ = 0, near which 
4nia/@ (77.9). This gives an additional term in (82.7) (cf. SP 1, (123.18)): 


Mi) ee | e202) aia (82.9) 
T X— w w 

t (82.6) and (82.8) remain unchanged. A further remark is also necessary as regards 
tals. We have said at the end of §77 that there may be ranges of frequency for metals in 
ich the function e(w) becomes physically meaningless on account of the spatial non- 
iformity of the field. In the formulae given here, however, the integration must.be taken 
all frequencies. In such cases £ (w) must be taken, in the frequency ranges concerned, as 
‘function obtained by solving the formal problem of the behaviour of the body in a 
Itious uniform periodic electric field (and not in the necessarily non-uniform field of the 
ctromagnetic wave). 

Formula (82.8) is of particular importance: it makes possible a calculation of the 
ction £’ (w) if the function £” (w) is known even approximately (for example, empirically) 
a given body. It is important to note that, for any function £g” (œw) satisfying the 
ysically necessary condition £” > 0 for œw > 0, formula (82.8) gives a function £g’ (œ) 
sistent with all physical requirements, i.e. one which is in principle possible (the sign 


“Magnitude of &’ are subject to no general physical restrictions). This makes it possible 
se formula (82.8) even when the function e” (œ) is approximate. Formula (82.7), on the 
èr hand, does not give a physically possible function £” (œ) for an arbitrary choice of the 


| tion g (œ), since the condition that €” (œw) > 0 is not necessarily fulfilled. 
n dispersion theory the expression for g (œ) is customarily written in the form 





; P 4ne? h f(x) 
& (@) 1 a P| zZ dx, (82.10) 
0 
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where e and mare the charge and mass of the electron, and f (œ) da is called the oscillator 
strength in the frequency range dw. According to (82.8), this quantity is related to £” (œ) by 


f(a) w E” (a). (82.1 1) 


me? 
For metals, f (%) tends to a finite limit as œ — 0. 


For sufficiently large œ, x? can be neglected in comparison with œ? in the integrand ip 
(82.8). Then 





f 2 ff 
é(wo)—1= -4| xe” (x) dx. 
0 


For the permittivity at high frequencies, on the other hand, formula (78.1) holds, and a 
comparison shows that we have the sum rule 


[e @) 


m tt 
PIA Í w e” (@)d@ = 


0 


f(o) do =N, (82.12) 


© e Q 


where N is the total number of electrons per unit volume. 
If £” (œ) is regular at œ = 0, we can take the limit œ — 0 in formula (82.8), obtaining 


Pee oe Í i (8213 
fj’ X 


O 





If the point œ = 0 is a singularity of e” (œ) (as in metals), the limit of the integral (82.8) as 
œ > Q is not what is obtained by simply deleting the term in œ. To calculate the limit, we 
must first replace £” (x) in the integrand by £” (x)— 4n ca/x; the value of the integral is 


unchanged, because p 
dx 
P | nee = 0). 
0 


For a dielectric, formula (82.13) can be rewritten as 








= 4ne"N wo, (82.14 
m 


E,— I 


where the bar denotes averaging with respect to the oscillator strength: 


o? =| oO da. 








@ 


The expression (82.14) may be useful in estimating £o- . A 
The following formulat relates the values of ¢(@) on the upper half of the imaginary a 


<= — 
+ Derived in SP 1, §123. 
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» those of £” (œw) on the real axis: 


co 





2 { xe” (x) 
a f agit (82.15) 
0 
Integrating this relation over all w, we obtain 
| [e (iw) —1} dw = | €” (w) da. (82.16) 
0 0 










All the above results are applicable, apart from slight changes, to the magnetic 
armeability u (w). The differences are due principally to the fact that the function (œ) 
ases to be physically meaningful at relatively low frequencies. Hence, for example, 
Kramers and Kronig’s formulae must be applied to u (œ) as follows. We consider not an 
finite but a finite range of œ (from 0 to w,), which extends only to frequencies where p is 
ill meaningful but no longer variable, so that its imaginary part may be taken as zero; let 
the real quantity u (w) be denoted by y,.f Then formula (82.8) must be written as 








wi 
l 2 SU 
| H (w) — p = a P | Soe? dx. (82.17) 
0 


nlike £o, the value jig of u (0) may be either less than or greater than unity. The variation of 
_#(@) along the imaginary axis is again a monotonic decrease, from jig to H4 < Ho- 
Lastly, it may be noted that the analytical properties of ¢(@) derived in this section are 
O possessed by y (w) = 1/e(w). For example, n (œ) is analytic in the upper half-plane, 
ause &(w) is analytic and has no zeros in that half-plane. The same Kramers—Kronig 
ations (82.6) and (82.7) apply to n(w) as to E(w). 














3. A plane monochromatic wave 


Maxwell's equations (77.2) for a monochromatic field are 


imp (w)H = c curl E, iwe(w) E = —c curl H. (83.1) 


ese equations as they stand are complete, since equations (77.1) follow from (83.1) and 
TO hot require separate consideration. Assuming the medium homogeneous, and 
Mating H from equations (83.1), we obtain the second-order equation 


AE + su (w7/c?) E = 0; (83.2) 


dination of E gives a similar equation for H. 

et us consider a plane electromagnetic wave propagated in an infinite homogeneous 
aum. In a plane wave in a vacuum, the spatial dependence of the field is given by a factor 
> with a real wave vector k. In considering wave propagation in matter, however, it is in 


In fact, œ, must be such that œ, t > 1, where z is the shortest relaxation time for ferromagnetic and 
Nagnetic processes in a magnetic material. 
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general necessary to take k complex: k = k' +ik”, where the vectors k and k” 
are real. 

Taking E and Has proportional to ek't and carrying out the differentiation with respect 
to the coordinates in equations (83.1), we obtain 


wu H =ckxE, weE = —ckxH. (83.3) 


Eliminating E and H from these two equations, we obtain for the square of the wave vector 
k? = k? — k"? +2ik' +k" = euw? / e. (83.4) 


We see that k can be real only if ¢ and p are real and positive. Even then, however, k 
may still be complex if k’-k” = 0; we shall meet with such a case in discussing total re- 
flection in §86. 

It must be borne in mind that, in the general case of complex k, the term “plane wave” is 
purely conventional. Putting e** = eK" e~* "", we see that the planes perpendicular to 
the vector k’ are planes of constant phase. The plares of constant amplitude, however, are 
those perpendicular to k”, the direction in which the wave is damped. The surfaces on 
which the field itself is constant are in general not planes at all. Such waves are called 
inhomogeneous plane waves, in contradistinction to ordinary homogeneous plane waves. 

The general relation between the electric and magnetic field components is given by 
formulae (83.3). In particular, taking the scalar product of these formulae with k, we obtain 


k-E=0, k-H=0, (83.5) 
and, squaring either and using (83.4), 


It must be remembered, however, that because all three vectors k, E and H are complex 
these formulae do not in general have the same evident significance as when the vectors are 
real. 

We shall not give the cumbersome relations valid in the general case, but consider only 
the most important particular cases. Especially simple results are obtained for a wave 
propagated without damping in a non-absorbing (transparent) homogeneous medium. 
The wave vector is real, and its magnitude 1s 


k= y (eu)w/c = no/c, (83.7) 


where n = af (eu) is called the refractive index of the medium. The electric and magn 
fields are both in a plane perpendicular to the vector k (a pure transverse wave); they a! 
mutually perpendicular, and are related by 


H = /(e/)1*E, (83. 


where 1 is a unit vector in the direction of k. Hence it follows that £E - E* = uH- H*, bi 
this does not mean (as it would in the absence of dispersion) that the electric and magner 
energies in the wave are equal, since these energies are given by different expressio. 
(namely, the two terms in formula (80.11)). The total electromagnetic energy density 10 t 
case may be written 


1 d n é € dk 93.9) 
=- i E-E*=— |- E-E*. ( 
1l6zpa dœ ee 82 Vy p dw d 


ŒI 
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The velocity u with which the wave is propagated in the medium is given by the familiar 
xpression for the group velocity:t 


dw c 


D ada. (83.10) 


fereu = S/U , In accordance with its significance as the velocity of transfer of energy in the 
ave packet; U is the energy density given by formula (83.9), and 
Sa es 
See i E-E (83.11) 
the mean value of the Poynting vector. In the absence of dispersion, when the refractive 
dex is independent of frequency, the expression (83.10) becomes simply c/n; cf. (75.13). 
Next, let us consider a more general case, the propagation of an electromagnetic wave in 
i absorbing medium, the wave vector having a definite direction (i.e. k’ and k” being 
arallel). Then the wave is literally plane, since the surfaces of constant field in it are planes 
rpendicular to the direction of propagation (a homogeneous plane wave). 
Tn this case we can introduce the complex “length” k of the wave vector, given by k = k1 


| being a unit vector in the direction of k’ and k”), and from (83.4) we have k = \/ (ep) œ/c. 
he complex quantity wA (en) is usually written in the form n + ix, with real n and K, so that 
k = ./ (ep) w/e = (n+ ix) oc. (83.12) 


he quantity n is called the refractive index of the medium, and x the absorption coefficient: 
€ latter gives the rate of damping of the wave during its propagation. It should be 
iphasized, however, that the damping of the wave need not be due to true absorption: 
sipation of energy occurs only when ¢ or u is complex, but x may be different from zero if 
ind y are real and negative. 

We may express n and x in terms of the real and imaginary parts of the permittivity 
king = 1). From the equation 














n? — Kk? +2ink = £ = g + ie" 


Dave n* — x? = ¢', Ink = £". Solving these equations for n and x, we haveł 


n= J Gle +/+"), l 
k = JUI- + Se? +2) J}. 


Particular, for metals and in the frequency range where formula (77.9) is valid, the 
‘emMary part of £ is large compared with its real part, and is related to the conductivity by 


= Ana /co; neglecting £ in comparison with ¢”, we find that n and x are equal, in 
ent with (59.4): 


(83.13) 


a eee a (270/0). (83.14) 


è 

P hen considerable absorption occurs, the group velocity cannot be used, since in an absorbing medium 
' Packets are not propagated but rapidly “ironed out”. 

Since g” > 0, the signs of n and x must be the same, in accordance with the fact that the wave is damped in the 


tion of propagation. The choice of positive signs in (83.13) corresponds to a wave propagated in the positive 
ection. 





eee 
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The relation between the fields E and H in this homogeneous plane wave is again give, | 
by formula (83.8), but ¢ and p are now complex. The formula again shows that the tw 
fields and the direction of propagation are mutually perpendicular. If p = 1, we write 
Ri £= vi (n? + x”) exp [i tan”! (x/n)], which shows that the magnetic field is h(n + K?) 
times the electric field in magnitude and tan”! (x/n) from it in phase; in particular, when 
(83.14) holds, the phase difference is 47. 


PROBLEM 


Ata given instant t = 0 an electromagnetic perturbation occurs in some region of space. The perturbation is 
not maintained by external agencies, and is therefore damped in time. Find the damping decrement. 


SOLUTION. We expand the initial perturbation as a Fourier integral with respect to the coordinates. and 
consider a component having a (real) wave vector k. The time dependence of this component is given, for 
sufficiently large t, by a factor e~*” with a complex frequency œ, which is to be determined; the damping 
decrement is — im œ. 

From the equations —H/c = curl E = ikxE, D/c = curl H = ik xH we have, eliminating H, 


D/c? = kx (k xE). (1) 


We take the direction of k as the x-axis. The longitudinal part of the perturbation therefore satisfies D, =0, 
whence D, = 0. 
The relation between D, and E, is given by an integral operator: 


t 
E (=ê 'D,= J F(t—v)D,@)dt. (2) 


ao 


Since we have D, (t) = 0 for t > O (there are no field sources when t > 0), it follows that 


o 
E,()= f F(t—r)D,()dr. (3) 


Hence we see that, for large t, the time dependence of E, is given essentially by that of the function F (t). 
For a monochromatic field, (3) gives 


l ea ) iot d 
—— = Tye T: 
elo) o 


or, conversely, 


0 


| 1 
F tì = — ea: -iot d : 
2 2n | £(@) í > P 


= S 

To estimate this integral for large t. we displace the path of integration into the lower half-plane of w, where 
integrand decreases rapidly. The singularities of the function 1/¢ (œ), Le. the zeros and branch points of el o) 
be excluded from the contour. The integral is then essentially proportional to € =E where @q is the singu 
nearest the real axis. This gives the solution for the longitudinal part of the perturbation. l alt that 

For the transverse components, we have from (1) È, +/¢° +K? Ey, = 0. A similar analysis gives the a ties 
the required “frequency” œ is in this case the zero or branch point of the function @ e(œ)— ce ko w 
nearest the real axis. 


§84. Transparent media 
; : : : in 
Let us apply the general formulae derived in §82 to media which absorb only slighty he 
given range of frequencies, i.e. assuming that for these frequencies the imaginary part O 
permittivity may be neglected. . . | at 
In sucha case there is no need to take the principal value in formula (82.8), since the p° 
x = w does not in practice lie in the region of integration. The integral can then ~ 
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fferentiated in the usual way with respect to the parameter w, giving 


de 4w xe” (x) dx 
da x (a7 =x77 
0 


ace the integrand is positive throughout the region of integration, we conclude that 
de (w)/dw > 0, (84.1) 


if absorption is absent the permittivity is a monotonically increasing function of the 
quency. 
similarly in the same frequency range we obtain another inequality, 


oe 4w f x’ (x) 
gg 2 E-D] -2| TE dx > 0, 
de/dw > 2 (1 — €)/%w. (84.2) 


6 < 1, this inequality is more stringent than (84.1).+ 

it may be noted that the inequalities (84.1) and (84.2) (together with the corresponding 

3S for u (œw)) ensure that the inequality u < c is satisfied by the velocity of propagation of 
waves. For example, if u = 1 we have n = Y e and, replacing £ by n? in (84.1) and (84.2), 


d (nw)/dw > n, d(nw)/da > 1/n. (84.3) 


s we obtain two inequalities for the velocity u (83.10): u < c/n and u < cn. whence 
“C whether n < 1 or n > 1. These inequalities also show that u > 0, i.e. the group 
city is in the same direction as the wave vector. This is quite natural, even if not logically 
essary. 

et us suppose that the weak absorption extends over a wide range of frequencies, from 
to w, (> œw), and consider frequencies œw such that œw; < œw < w,. The region of 
g ation in (82.8) divides into two parts, x < œw; and x > w,.Inthe former region we can 
tect x in comparison with @, and in the latter region œ in comparison with x, in the 
Ominator of the integrand: 













2 da 
é(w) = 1+% | £” (x) —_ —s | xe” (x)dx, (84.4) 
T x TO 
> 0 


he function (w) in this range is of the form a—b/w?, where a and b are positive 


S ants. The constant b can be expressed in terms of the oscillator strength N, 
Onsible for the absorption in the range from 0 to a, (cf. (82.12)) 


elw) = a — 4nN, e?/ma?. (84.5) 


rom this expression it follows, in particular, that, when the region of weak absorption is 
Ciently wide, the permittivity ın general passes through zero. In this connection it 
By adding the inequalities (84.1) and (84.2), we find that d(we)/de > 1, which is stronger than (80.13). 
i 
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should be recalled that a literally transparent medium is one in which e (w) is not only reg 
but also positive; if e is negative, the wave is damped inside the medium, even though ng | 
true dissipation of energy occurs. 

For the frequency at which € = 0 the induction D is zero identically, and Maxwelp, 
equations admit a variable electric field satisfying the single equation curl E = 0, with zerg 
magnetic field. In other words, longitudinal electric waves can occur. To determine their 
velocity of propagation, we must take into account the dispersion of the permittivity ng 
only in frequency, but also with respect to the wave vector, we shall return to this topic ip 
§10S. 

Lastly, suppose that within the broad transparency region there is a narrow absorption 
line near some frequency wọ. Let us consider a neighbourhood of this frequency for which 


y < lœ — wol $ wo, (84.6) 


where y is the line width. In this range, x may be replaced by @ in the integrand in (82.6) 
everywhere apart from the rapidly varying function e” (œw). Then 


1 . 
E (œ) Se (œ) = PEREP le (x) dx, (84.7) 
0 


the integration being taken over the absorption line. 


PROBLEM 






| 

A plane electromagnetic wave with a sharply defined forward front is incident normally on the boundary ofa 
half-space (x > 0) occupied by a transparent medium with p = 1. Determine the structure of the front of the 
transmitted wave (A. Sommerfeld and L. Brillouin, 1914). 


SOLUTION. Let the wave be incident on the boundary of the medium at time t = 0, so that at x = O the field 


(E or H) of the incident wave is E = 0 for t < 0, E œc eo! for t > 0. Expanding this field as a Fourier integrál 


with respect to time, we reduce the problem to that of waves of various frequencies and infinite extent incident @ 
the boundary. The amplitude of the Fourier component with frequency w is proportional to 


o0 
f el@— 0k dr. 
o » 


ae: eee Mo 
When a wave of frequency « is incident. the transmitted wave is of the form a (w) e iat +ionxie where the ampli 
a(w) is a slowly varying function of frequency. Hence the wave field in the medium in the present proble 


oO œ 
Ea f da a(w) ete tien! f e2 -2 dr. 
Q 


— a 


: : : Bhat . net 
In the region near the wave front, the important values of œ in this integral are those close to œo. Usine 
variable č = w — @o, we replace a(w) by a(wo), and expand the exponent in powers of č. Omitting unımp 
constants and phase factors, we have 


x u’ 
Ec | | exp {it («—e+%) -x 5 faba 
(o -a& 


where u = u(%wọ) is the velocity of propagation (83.10), and u’ = [du/dw ]w =u- Effecting the integration © 
we easily bring E to the form 





Ea feti dn w= (x —ut)// (2x |u|), | 
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1 in the exponent depending on that of u’. The intensity distribution near the wave front is given by 


00 2 
f ei? dy 


w 


Ix 








expression is of the same form as that which gives the intensity distribution near the edge of the shadow in 
diffraction (see Fields, §60). For w > 0 the intensity decreases monotonically with increasing w, but for 
oscillates with decreasing amplitude about a constant value to which it tends as w > — oo. 

e distances preceding the front here considered there are found “precursors” propagated with velocity c. 
yrrespond to the high-frequency Fourier components, for which € > 1. 







CHAPTER X 


THE PROPAGATION OF 
ELECTROMAGNETIC WAVES 


§85. Geometrical optics 


THE condition for geometrical optics to be applicable is that the wavelength 4 should be 
small in comparison with the characteristic dimension / of the problem (see Fields, §53) 
The relation between geometrical and wave optics is that, for A < l, any quantity œ which 
describes the wave field (i.e. any component of E or H) is given by a formula of the type 
ġ = ae, where the amplitude a is a slowly varying function of the coordinates and time, 
and the phase w is a large quantity which is “almost linear” in the coordinates and the time; 
it is called the eikonal, and is of great importance in geometrical optics. The time derivative 
of w gives the frequency of the wave: 


ow /ot = —a, (85.1) 
and the space derivatives give the wave vector 
grad wy = k, (85.2) 


and consequently the direction of the ray through any point in space. 

For a steady monochromatic wave, the frequency is a constant and the time dependence 
of the eikonal is given by a term — wt. We then introduce a function wy, (also called the 
eikonal), such that 


y = —ot + (a/c), (x, y, 2). (85.3 
Then y, is a function of the coordinates only, and its gradient is k 
grady, = n, (85 
where n is a vector such that 
k = on/c. (855 


TE: ; he 

The magnitude of n is equal to the refractive index n of the medium. Hence t 

equation for the eikonal in ray propagation in a medium with refractive index n(x, >” 
(a given function of the coordinates) iS 


lgrady, |? = (Hy at (ey + (SY = n?. (356 


+ Only transparent media are considered in geometrical optics. 
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The equation of ray propagation in a steady state can also be derived from F ermat’s 
nciple, according to which the integral 


B B 
Y, = [aval = | nat 
A A 


ong the path of the ray between two given points A and B has a value less than for any 
her path between A and B. Equating to zero the variation of this integral, we have 


B 
by, = | era + nddl) = 0. 
A 


+ ôr be a displacement of the ray path under the variation. Then ôn = ôr'grad n, 
4] = 1-doér, where 1 is a unit vector tangential to the ray. Substituting in dy, and 
grating by parts in the second term (using the fact that dr = 0 at A and B), we have 


B B 
by, = | dr-eradnal+ | nl -dôr 
A A 
B 
d(nl) = 
P. = { (gran) ôrdi = 0. 
A 
ce 
d(nl)/dl = grad n. (85.7) 


xpanding the derivative and putting dn/d/ = 1-grad n, we obtain 


dit 


— = —[gradn— 1(1-gradn)]. (85.8) 
di n 


















lis is the equation giving the form of the rays. 

_We know from differential geometry that the derivative dl/dl along the ray is equal to 
/R, where N is the unit vector along the principal normal and R the radius of curvature. 
al ing the scalar product of both sides of (85.8) with N, and using the fact that N and l are 
Tpendicular, we have 

1 gradn 

i) ge nea 
> —s (85.9) 
€ rays are therefore bent in the direction of increasing refractive index. 


he velocity of propagation of rays in geometrical optics is in the direction of 1, and is 
ven by the derivative 


u = 6w/0k. (85.10) 


lis is also called the group velocity, the ratio w/k being called the phase velocity. However. 
e latter is not the velocity of physical propagation of any quantity. 

It is easy to derive also the equation which gives the rate of change of the radiation 
tensity along a ray. The intensity J is the magnitude of the (time) averaged Poynting 
p 
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vector. This vector, like the group velocity, is in the direction of I :S = T1. In a steady state, 
the mean field energy density is constant at any given point in space. The equation of 
conservation of energy is therefore div S = 0, or 


div (I1) = 0. (85.11) 


This is the required equation. 

Finally, let us consider how the direction of polarization of linearly polarized radiation 
varies along a ray (S. M. Rytov, 1938). As we know from differential geometry, a curve in 
space (in this case, the ray) is characterized at every point by three mutually perpendicular 
unit vectors along the tangent (1), the principal normal (N) and the binormal (b), which 
form the natural trihedral. Since the electromagnetic waves are transverse, the vectors E 
and H are always coplanar with N and b. 

Let the direction of Eat some point on the ray be the same as that of N, i.e. let E lie in the 
osculating plane (that of N and 1). The deviation of the curve from the osculating plane 
over a length dl is of the third order of smallness with respect to dl. We can therefore say 
that, over a length dl of the ray, the vector E remains in the original osculating plane. The 
osculating plane at the other end of dl is inclined to the original one at an angle dé = dl/T, 
where T is the radius of torsion. This is therefore the angle turned through by the vector E 
relative to N in the normal plane. Thus, over a distance dl along the ray, the direction of 
polarization rotates in the normal plane, its angle to the principal normal varying in 
accordance with the equation 


do /dl = 1/T. (85.12) 


In particular, when the torsion is zero, i.e. the ray is a plane curve, the direction of the 
vector E in the normal plane is constant, as is in any case evident from symmetry. 


PROBLEMS 


PROBLEM 1. Find the law of transformation for the velocity of light (the group velocity) in a medium when 
the frame of reference is changed. 


SOLUTION. By the definition of the group velocity u, dw = u -dk and dw’ = u'-dk, the primed and unprimed 
quantities referring to the frames K’ and K; K’ moves with velocity v relative to K. According to the Lorentz 


transformation formulae for a wave four-vector, q 


k= y(k, —vo/c?), K,=k, kK, =k, w= 7(o'+vk)), 
where y = iff (1 —v?/c?); the x and x’ axes are parallel to v. The last of these expressions gives 
dw = »(da’ + vdk',) = y(u -dk' + edk’,). 
Substituting dk’ in terms of dk and dw from the other expressions, and collecting terms in de, gives 


y(1 + vv’ ,/c2) dew = y(u, + v)dk, + u’ dk, + udk, 


= the 
Comparison with dw = u -dk shows that the velocities u’ and v give u by the usual relativistic formulae for 


addition of velocities, as expected. 

yer. 

: ! K. 
SOLUTION. Let @ and k be the frequency and wave vector of the light wave in a fixed frame of referen 

and w’, k' the corresponding quantities in a frame K’ moving with the medium at velocity v relative to K. in 

frame K’ the medium is at rest, and a” and k’ are therefore related by 


PROBLEM 2. Determine the velocity of propagation of light in a medium moving relative to the obser 


(1) 


ck = o'n(w). 


‘rst 
According to the Lorentz transformation formulae for a wave four-vector we have, as far as terms of the firs d 
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rder in v/c, =w-— k.v, k’ =k —@v/cċ, k = k— wy- l/c?, where | = k/k. Substituting these expressions in 
) and expanding the function n(%') in powers of v. we obtain to the same accuracy t 


pm ng P(r), (2) 


c? do) 





he velocity of propagation (the group velocity) in a medium at rest is found by differentiating the relation 
= wno): 


C 


lo = d(nw)/de l. (3) 


1a moving medium, it is found by differentiating the relation (2), which we first rewrite as 


1 
k= enjet kv Ż— -) 
cn 


zain as far as the first-order terms, 


u, ue no du u 
a= tI) ( 28 Te) -*), (4) 


For propagation in the direction of motion (v{{I), we therefore have 
u = uo +v0(1 —ud/c?) — (vnw/c) duo/do. (5) 


e first two terms can be derived by simply applying the relativistic expression for the addition of velocities. 
If v and l are mutually perpendicular, then 


u = Uo + V(1 — uy /cn). (6) 
» The phase velocity of the wave is given by (2): 


w c 1 owdn 
k +vel eek ; 


n ndw 
























v | |, there is no first-order effect. 


6. Reflection and refraction of electromagnetic waves 


Let us consider the reflection and refraction of a plane monochromatic electromagnetic 
ave at a plane boundary between two homogeneous media. Medium 1, from which the 
ve is incident, is assumed transparent, but not medium 2 (for the present). Quantities 
taining to the incident and reflected waves will be distinguished by the suffixes 0 and 1 
pectively, and those for the refracted wave by the suffix 2 (Fig. 46, p. 294). The direction 
Í he normal from the boundary plane into medium 2 is taken as the z-axis. 

Since there is complete homogeneity in the xy-plane, the dependence of the solution of 
field equations on x and y must be the same in all space. The components k,, k, of the 
ve vector must therefore be the same for all three waves. Consequently, the directions of 


Opagation of the three waves lie in one plane, which we take as the xz-plane. 
‘Tom the equations 


kox = ky, =k, (86.1) 


ae 


The second term in (2), and therefore all first-order effects, vanish identically when n? = € = 
constant /c?. 

This formula represents the Fizeau effect, first predicted by A. Fresnel (1818). The influence of dispersion on 
effect was discussed by H. A. Lorentz (1895). 
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Fic. 46 


we find 
kız = —ko = — (w/c),/e; cos Go, 


koe = sf [(@/e)?2 —kox2] = (@/0)x/ (E2 — £, sin? 8o); 


we take u = 1 in both media. The vector ky is, by definition, real, and so is k,. The quantity 

kz, however, is complex in an absorbing medium, and the sign of the root must be taken so 

that im ka, > 0, the refracted wave being damped towards the interior of medium 2. 
If both media are transparent, equations (86.1) give the familiar laws of reflection and 


refraction: 
eo, see fi mes (86.3) 
sin Oo E> Ny 


(86.2) 





To determine the amplitudes of the reflected and refracted waves, we must use the 
boundary conditions at the surface of separation (z = 0), and we shall consider separately 
the two cases where the electric field Ey is in the plane of incidence and perpendicular t0 
that plane; from the results we can obtain the solution for the general case, where E can ve 
resolved into components in these two directions. 

Let us first suppose that E, is perpendicular to the plane of incidence. It is evident from 
symmetry that the same will be true of the fields E, and E, in the reflected and refracté 
waves. The vector H is in the xz-plane. The boundary conditions requiret the continuity © 
E, = E and H; by (83.3) H, = — ck, E,/o. 

The field in medium 1 is the sum of the fields in the incident and reflected waves, SO t 
we obtain the two equations Ey + E, = Ez, koz(Eo — E1) = k2zE2- The exponential facto™ 
in E cancel because k, (and therefore œ) is the same in all three waves. In what follows: j 
signifies the complex amplitude of a wave. The solution of the above equations give 


hal 





+ The boundary conditions on the normal components of Band D give nothing new in the present problem 
because the equations div B = 0, div D = O are consequences of equations (83.1). 4 
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resnel’s formulae: 


ko Koz — kaz, B a£ C05 ERN (Es — & sin?6,) E 





E = 
i ko +ka | ey cos Oo + ./(€2 — £, sin?69) 
(86.4) 
E 2K 6; o Deh £; cos Oo 7 
A koz + Ti E1 COS fo + ,/ (£2 — £1 Sin°0o) ” 
If both media are transparent, these formulae become, by (86.3), 
__ sin (82 — 8o) 
* sin(0, +6.) 
(86.5) 
_ 2cos 69 sin 6, 
2 Sin Gee 


[he case where E lies in the plane of incidence can be discussed similarly. Here it is more 
nvenient to carry out the calculations for the magnetic field, which is perpendicular to 
plane of incidence. A further two Fresnel’s formulae are obtained: 


ako, — Eke, ,, _ £2008 0o — J (E182 — €17 sin? 80) 
Eko teke € COs Oo + wie —e£,7 sin? 0o) j 
(86.6) 
—  2ezkøz 7 2e, cos bo 
E2koz + £&1k2z i £ COS Oo + e — £g,” sin? 0o) 
oth media are transparent, these formulae may be written 
__ tan (0o — 02) 
tan (8o +0) ” 
(86.7) 
sin 20, 


0- 


~ sin (0o + 02) cos (8g — 82) 


: e reflection coefficient R is defined as the ratio of the (time) averaged energy flux 
ected from the surface to the incident flux. Each of these fluxes is given by the averaged 
Omponent of the Poynting vector (83.11) for the wave in question, 


os we cos 6, |E,|? = |E,|? 
Js CoS Og|Eo|?  [Eol* 


“or normal incidence (69 = 0) the two modes of polarization are equivalent, and the 
ection coefficient is given by 
_|v ie REENA E2 |? 


E a] 


is formula is valid whether the reflecting medium is transparent or not. If we put 





(86.8) 
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/€2 = m + ik, and if medium I is a vacuum (& = 1), then 


aad (n — 1) F A 
(n +1) + «7 


The remaining discussion assumes that both media are transparent. The followin 
general remark should be made first ofall. The boundary between two different media is ip 
reality not a geometrical surface but a thin transition layer. The validity of the formulae 
(86.1) does not rest on any assumptions concerning the nature of this layer. The derivation 
of Fresnel’s formulae, on the other hand, is based on the use of the boundary conditions, 
and assumes that the thickness 6 of the transition layer is small compared with the 
wavelength A. The thickness 6 is usually comparable with the distances between the atoms, 
which are always small compared with å if the macroscopic description of the field is 
legitimate, and so the condition A > 6 is usually fulfilled. In the opposite limiting case the 
phenomenon of refraction is entirely different in character. For ô > A, geometrical optics is 
valid (A being small compared with the dimensions of the inhomogeneities in the medium). 
In this case, therefore, the propagation of the wave can be regarded as the propagation of 
rays which undergo refraction in the transition layer but are not reflected from it. The 
reflection coefficient, therefore, would be zero. 

Let us return now to Fresnel’s formulae. In reflection from a transparent medium, the 
coefficients of proportionality between E,, E, and E, in these formulae are real.} This 
means that the wave phase either remains unchanged or changes by z, depending on the 
sign of the coefficients. In particular, the phase of the refracted wave is always the same as 
that of the incident wave. The reflection, on the other hand, may be accompanied by a 
change in phase.} For example, with normal incidence the phase of the wave is unchanged 
ife, > £2, but ife, < £, the vectors E, and E, are in opposite directions, i.e. the wave phase 
changes by z. 

The reflection coefficients for oblique incidence are, by (86.5) and (86.7), 


_ sin? (0, — 6p) tan? (03 — 6p) 
~~ sin? (0, + 6) "tan? (65 + 0o) 


Here, and in what follows, the suffixes L and || refer to the cases where the field E 1 
respectively perpendicular and parallel to the plane of incidence. The expressions (86.10) 
are unaltered when 0, and 6, are interchanged (but the phase of the reflected wave changes 
by z, as is seen from formulae (86.5) and (86.7)). The reflection coefficient for a wave 
incident from medium 1 at an angle 6, is therefore equal to that for a wave incident from 
medium 2 at an angle 6). ; 

An interesting case is the reflection of light incident at an angle 0, such that 65 + 02 = 24 
(the reflected and refracted rays being thus perpendicular). Let this angle be 6@,; sin 0,3 
sin ($z — 6) = cos 03, and the law of refraction (86.3) gives 


1) 
- tan, = Alee (86.1 


(86.9) 


(86.10) 


+ We ignore for the moment the possibility of total reflection (see below). at ae 

į Reflection from an absorbing medium leads in general to the appearance of elliptical polariza a ; 
explicit expressions for the amplitude and phase relations between the three waves are then extremely invo 
they are given by J. A. Stratton, Electromagnetic Theory, Chapter IX, McGraw-Hill, New York, 1941. a 
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or Oy = 0, we have tan (6, +6 ) = œ, and R, = 0. Hence, whatever the direction of 
plarization of light incident at this angle, the reflected light will be polarized so that the 
sctric field is perpendicular to the plane of incidence. The reflected light is polarized in 
is way even when the incident light is natural: no component with any other polarization 
reflected. The angle 0, is called the angle of total polarization or the Brewster angle. It 
ould be noticed that, whereas natural light can be totally polarized by reflection, this 
fect cannot be produced by refraction, whatever the angle of incidence. 

The reflection and refraction of plane-polarized light always results in plane-polarized 
ht, but the direction of polarization is in general not the same asin the incident light. Let 
‘be the angle between the direction of E, and the plane of incidence, and y,, y2 the 
responding angles for the reflected and refracted waves. Using formulae (86.5) and 
6.7), we easily obtain the relations 


cos (o — 02) 
C "tans 


tan Yi = 
cos (0o + 02) (86.12) 


tan y2 = cos (ło — 2) tan yo. 






















he angles yo, y, and y, are equal for all angles of incidence only in the obvious cases 
= Qand yọ = 47; they are also equal for normal incidence (fọ = @, = 0)and for grazing 
tidence (0 = $r, in which case there is no refracted wave). In all other cases the formulae 
6.12) give (by virtue of the inequalities 0 < @9, 0, < $r and, as we shall assume, 0 < Yo 
0< y, y2 < T) the inequalities y, > yo, Y2 < Yo. Thus the direction of E is turned 
ay from the plane of incidence on reflection, but towards it on refraction. 

A comparison of the two formulae (86.10) shows that, at all angles of incidence except 
O or 4x, Ry < R,. Hence, for example, when the incident light is natural the reflected 
ht is partly polarized, and the predominant direction of the electric field is perpendicular 
the plane of incidence. The refracted light is partly polarized, with the predominant 
ection of E lying in the plane of incidence. 

The quantities R, and R, depend quite differently on the angle of incidence. The 
efficient R, increases monotonically with the angle 8, from the value (86.8) for 6) = 0. 
€ coefficient R, takes the same value (86.8) for 6, = 0, but as 6) increases R, decreases to 
[O at 0o = 0, before monotonically increasing. 

Here two distinct cases occur. If the reflection is from the “optically denser” medium, i.e. 
> £, then R, and R, increase to the common value of unity at 0) = 37 (grazing 
idence). If, on the other hand, the reflecting medium is “optically less dense” (€2 < E,), 
th coefficients become equal to unity for 6) = 6, where 


sin 6, = J (e2/£1) = n2/N,; (86.13) 


4 Called the angle of total reflection. When @, = 0, the angle of refraction 8, = ir, i.e. the 
Tacted wave is propagated along the surface separating the media. 

i eflection from an optically less dense medium at angles 6, > @, requires special 
7 Sideration. In this case kz, is purely imaginary (see (86.2)), i.e. the field is damped in 
dium 2. The damping of the wave without true absorption (i.e. dissipation of energy) 
snifies that the average energy flux from medium 1 into medium 2 is zero (by simple 
culation it can easily be seen that the vector S giving the average energy flux in medium 2 
in the x-direction). That is, all the energy incident on the boundary is reflected back into 
edium 1, so that the reflection coefficients are R 1 = R, = 1. This phenomenon is called 
at 
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total reflection.t The equality of R, and R, to unity can, of course, be obtained directly 
from Fresnel’s formulae (86.4) and (86.6). 

For o > @, the proportionality coefficients between E, and E, become comple, 
quantities, of the form (a — ib)/(a + ib). The quantities R | and R, are given by the squared 
moduli of these coefficients, which are equal to unity. The formulae give, besides the ratio 
of the magnitudes of the fields in the reflected and incident waves, the difference in their 
phases. For this purpose we write E,, =e ®1E,,, E1 = €` ®'Eo,. Thent 


tan36, = e sin? o —£)//e, cos 0p. (86.14 


tan46, = \/(e,? sin? @, — £, £2)/£2 COS Oo. 


Thus total reflection involves a change in the wave phase which is in general different for 
the field components parallel and perpendicular to the plane of incidence. Hence, on 
reflection of a wave polarized in a plane inclined to the plane of incidence, the reflected 
wave will be elliptically polarized. The phase difference 6 = 6, — 6, is easily found to be 
such that 

emia cos bov/ (e; sin? 8o — £3) 


-o2 
JE sin“ ĝo 


The difference is zero only for 0o = 0, or 6o = 41. 


(86.15) 


PROBLEMS 


PROBLEM 1. Find the manner in which the reflection coefficient approaches unity near the angle of total 
reflection. 


SOLUTION. We put 6, = 0,— 6, where 6 is a small quantity, and expand sin 6, and cos 6, in formulae (86.10) 
in powers of 6. The result is 


R, = 1—4,/(26)(n? — 1)-4, 
Ry = 1—4,/(28)n? (n? — 1)-8, 
where n? = £,/e, > 1. The derivatives dR/d6 become infinite as 5} when ô > 0. 


PROBLEM 2. Find the reflection coefficient for almost grazing incidence of light from a vacuum on the surface 
of a body for which £ is almost unity. 


SOLUTION. Formulae (86.10) give the same reflection coefficient: > 
R, = Ry = [ġo -V (bo? +£- 1)]*/(e- 1}, 
where ġo = 4r — bo- 


: : : nt - ich 
PROBLEM 3. Determine the reflection coefficient for a wave incident from a vacuum on a medium for wh 
both e and y are different from unity. 


SOLUTION. Calculations entirely analogous to those given above furnish the result 
1.008 Oy — / (Eu — sin? 80) 
u cos 8o +,/ (Eu — sin? Oo) 
ecos bo —./ (eu — sin? 0o) 


2 








2 





I = . 





; : r > , h 
+ The reflection coefficient is always equal to unity in reflection froma medium with e real and negative. In su¢ 
a medium there is again no true absorption, but the wave cannot penetrate into it. 
t If (a—ib)/(a+ ib) = e~*, then tan 4ô = b/a. 7 
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OBLEM 4. A plane-parallel layer (region 2) lies between a vacuum (region 1) and an arbitrary medium 
ion 3). Light polarized parallel or perpendicular to the plane of incidence falls on the layer from the vacuum. 
the reflection coefficient R in terms of those for semi-infinite media of the substances in regions 2 and 3. 










LUTION. Wedenote by Ao and A, the amplitudes of the field (E or H, whichever is parallel to the layer) in 
ncident and reflected waves. The field in the layer consists of the refracted wave (amplitude A,) and the wave 
cted from region 3 (amplitude A,'). The boundary condition between regions 1 and 2 gives 


A,’ = a(A; —ri240) (1) 


rea and r,, are constants. In reflection from a semi-infinite medium of the substance in region 2, A,’ is zero, 
so from (1) we have r,. = A/o, L€. r; is the amplitude of reflection in that case. Another equation is 
ined from (1) by interchanging A, and A, and replacing A,‘ by A,, which corresponds simply to a reversal of 
component of the wave vector: 

A, = G(Ag — t1241). (2) 


egion 3 there is only the transmitted wave, whose amplitude A, satisfies the conditions 


A,e* — aA;, A, e~ ™ = —ar3,A, (3) 




















ogous to (1), (2) with A, = 0. The exponential factors take account of the change in the wave phase over the 
ickness hh of the layer, with 


y= (wh/c),./ (€, — sin? 8p). (4) 
ninating A, from equations (3), we obtain 
Aje “S134 08> (5) 


TE r23 = — r32- 
fom equations (1). (2) and (5) we find the amplitude of reflection from the layer: 
A, tiae CFI: 


= = ae > 
Ao € +riz223 


(6) 


(the reflection coefficient R = |r|”. The significance of r3, is found from the fact that, for h = 0, r must be the 
litude of reflection r,, from a semi-infinite medium of the substance in region 3. Hence 


r23 = (r12 —r13)/(f12r13 7 1). (7) 


mulae (6) and (7) give the required solution. It should be emphasized that their derivation involves no 
mptions concerning the properties of regions 2 and 3, which may be either transparent or not. 

fegions 2 and 3 are transparent, then Y, r, and r,, are all real, and r3, is the amplitude of reflection at the 
ndary between semi-infinite media of the substances in regions 2 and 3. From (6) we have 


_ (r2 +123)’ — 4r, 2r23 Sin? Y (8) 
(ri2r23 + 1) —4rjoFo3 sin? y 


4 varies, R varies between the limits [(r,. +124)! (?y2%23 + 1) 7 and [(r12 —r23)/(r12r23— 1) |’. For normal 
Ence ri, = (n, —N)/(N, +2), andr,, and rz, are given by similar relations. If n3? = nına, then r12 = r23, 
k H be zero for some value of the thickness of the layer. If region 3 is a vacuum, thenr,, = 0, r23 = — "12> 
(6) gives 
ee 1) sinh iy 

e *¥_Yr ,? sinh [i +log(—r,2)] 


(9) 


SO region 2 is transparent, we have 


a 4R,, sin? y 
(1—R,,)?+4R,, sin? y 





he transmission coefficient D for the layer (between vacua) is 1 — R only if region 2 is transparent. Otherwise 
lst be calculated from equations (1) — (3), putting r32 = r,,. The amplitude of transmission d is 
A 1—r,,’ 


Depa ee? 
Az e ¥_y ew ? (10) 







the transmission coefficient D = |d|’. 
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PROBLEM 5. Determine the reflection and transmission coefficients for light incident normally ona Slab w; 
a very large complex permittivity €. Ith 


SOLUTION. In this case r}, = (1—./e)/(I +./e) = — (1—2, J8), and formula (9) of Problem 4 piy 
— —[1 — (2/,/e) cothiy 7}, y= (wh/c),/e. If the slab is so thin that wh/c < 1/,/lel, then we can es 
r= —[1+ 2ic/ewh]~’, and distinguish two cases: Put 


for 1/lel < wh/c«1/\/le|, R = 1—4ce” /whle|?, 


for wh/c < 1/lļel, R = w*h? |e? /4c?. 

The transmission coefficient is, by formula (10), 
for wh/c~ 1/./lel, d= — 2//e sinh iy, 
for wh/c < 1//lel, d = (1—iewh/2c)"!. 


Again two cases can be distinguished: 


for 1/le| << wh/ce< 1//e|, D = 4c?/e*h?|e|?, 
for wh/c < 1/el, D = t—-#’ah/c. 


§87. The surface impedance of metals 


The permittivity of metals is, in magnitude, large compared with unity at low frequencies 
(as œw — 0, it tends to infinity as 1/œ). The wavelength ô ~ c CNI |e| in metalst is then small 
compared with the wavelength A ~ c/w in vacuum. If ô (but not necessarily 4) is also small 
compared with the radii of curvature of the metal surface, the problem of the reflection of 
arbitrary electromagnetic waves from the metal can be considerably simplified. 

The smallness of 6 implies that the derivatives of the field components inside the metal 
along the normal to the surface are large compared with the tangential derivatives. The — 
field inside the meta] near the surface can therefore be regarded as the field of a plane wave, 
and hence the fields E, and H, are related by 


E, = /(u/e)H, xn. (87.1) 


where n is a unit vector along the inward normal to the surface. Since E, and H, are 
continuous, their values outside the metal near the surface must be related in the same way: 
As M. A. Leontovich (1948) has pointed out, the equation (87.1) may be used asa boundary 
condition in determining the field outside the metal. Thus the problem of determining the 
external electromagnetic field can be solved without considering the field inside the met p 

The quantity ./(/e) is called the surface impedance} of the metal, and we denote! 


Bee =e Fie: 
| C= J(u/e) eg 


, i or he 
In the frequency range where ¢ can be expressed in terms of the ordinary conductivity oft 
metal, we have 







3) 
¢ = (1—i),/(@n/8n0); eg 
this formula, with u = 1, has already been given in §59. 

The (time) averaged energy flux through the surface of the metal is 


S = (c/8n)re(E, xX H,*) = c¢' |H, |?n/87. 


+ Large values of „/£(%w) are almost always complex. The electromagnetic field is damped inside the boa € 
that the wavelength in the body is also the depth of penetration of the field. If e(œw) is expressed in term 
conductivity by (77.9), the quantity ô is the same as the penetration depth used in §59. 

t This name is also given to the quantity c¢ /47. 
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is is the energy which enters the meta! and is dissipated therein. Hence we see. in 


ticular. that 
a CSO. (87.5) 


is inequality determines the sign of the root in (87.2). 

As the frequency increases, the depth of penetration ô becomes of the same order as the 
san free path / of the conduction electrons.* In this case the spatial non-uniformity of the 
d renders impossible a macroscopic description of it in terms of the permittivity £. 
wever, a boundary condition of the form 


E, = CH, Xn (87.6) 


ll holds at such frequencies. The field inside the metal near the suface can again be 
arded as a plane wave, although it is no longer described by the usual macroscopic 
axwell’s equations. In such a wave the fields E and H must be linearly 1 elated, and the 
y possible linear relation between the axial vector H and the polar vector E 1$ (87.6). The 
ficient ¢ in this formula is the only quantity characterizing the metal which must be 
wn in order to find the external electromagnetic field. The calculation, however, 
juires the use of kinetic theory (see PK, §86). 

Vhen the frequency increases further (usually into the infra-red 
pic description of the field again becomes possible, and £ is agai? meaningful. The 
son is that, on absorbing a large quantum ha, a conduction electro 4cquires a large 
ount of energy, and its mean free path is therefore reduced, the inequality I< ò being 
sequently again fulfilled. The impedance ¢ is again inversely propo! tional to V ef In 
frequency range the real part of e(œ) is large and negative, and its Maginary part 1s 
all. The inequality |< ô is the condition for both ¢’ and s” to be Macroscopically 
ficant. The macroscopic significance of the large quantity ¢’ alon® however, can be 
ured by the fulfilment of the less stringent condition v/œ < ô, where” is the velocity of 
conduction electrons in the metal. If this condition holds, the spatia! inhomogeneity of 
field may be neglected in considering the motion of the electrons $ 

he inequality ¢’ > 0 is always satisfied by the real part of the impedance. If formula 
2) holds, we can also draw certain conclusions concerning the sign off- For example, if 
dispersion of £ is more important than that of y (i.e. if u may be taken as real), the 
dition £” > 0 gives ¢’C” < 0 and, since £’ > 0, £” < 0. This is the most usual case. If the 
persion of ¢ is determined by that of u, however, a similar argument shows that ¢” *~ 0. 
he concept of impedance can also be applied to superconductors. A characteristic 
Perty of superconductors is that the penetration depth 6 is small eve” în the static case 
= 0). At fairly low frequencies the magnetic field distribution can be taken to be the 
© as the static distribution. To determine the electric field we US® the equation 
E=imH/c, taking the z-axis along the outward normal to the surface of the 






































region), the macro- 


—_, 


the mean free path depends considerably on the temperature of the metal. In practice, the temperatures 


dered are usually very low, in the helium range, and the phenomena under consideration Occur in the range 
TY Short radio waves. 

‘t should be borne in mind, however, that equation (87.6) can be used as a boundary ONdition only while || 
ge (i.e. ¢ is small), and certainly does not hold at optical frequencies. We assume thét # ~ 1, and so small [ 
Spond to large |e]. If u > 1, the inequality ô < å must be fulfilled if the boundary condition (87.6) is valid, and 
ore we must have ss), (ue) > 1, so that € = 4 (u#/£) may not be small. 

is situation is more fully discussed in PK, §87. 
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superconductor. Neglecting the tangential derivatives in comparison with the fg 


derivatives, we have 0E,/6z = iwH ,/c, and similarly for E,. Integrating with respe 
through the body gives 


Ige z 
ct to 2 


0 
E,(0) = — | H, dz, 


E, (0) being the value of E, for z = 0, i.e. at the surface of the body. We quantitatively define 
the penetration depth by the relation 


0 
f H,dz = H,(0)6. (87.7) 


Then E,(0) = iaH,(0)6/c. Comparing this with the boundary condition (87.6), we find that 
the impedance of a superconductor (in the frequency range considered, which in practice 
extends to about the centimetre radio wave-band) is given by 


C= ~iwd/c. (87.8) 


This expression is the first term in an expansion of ((@) in powers of the frequency, and the 
expansion for superconductors thus begins with a term in œ. The next term, which is 
proportional to œ? and is real, is the first term in the expansion of ¢’.+ 
The impedance {(@), regarded as a function of the complex variable œ, has many 
properties analogous to those of the function e(%) (V. L. Ginzburg, 1954). The boundary 
condition, which for a monochromatic wave has the form (87.6), must in general be taken 
as the operator relation 
E, = CH, xn, (87.9) 


expressing the value of E, at any instant in terms of the values of H, at all previous instants 
(cf. §77). As in §82, it therefore follows that the function ¢ (co) is regular in the upper half- 
plane of œ, including the real axis except for the point œ = 0. The condition that E, be real 
when H, is real gives €(— w*) = {* (œ). Finally, since the energy dissipation is determined 
by the real part of ¢(c) (and not by the imaginary part as for e(œ)), it follows that ¢(@)18 
positive, and does not vanish for any real w except w = 0. Arguments similar to those given 
in §82 then lead to the conclusion that re ((@) > 0 throughout the upper half-plane. Hence, 
in particular, ¢(@) has no zeros in the upper half-plane. a 
The regularity of {(@) in the upper half-plane again leads to Kramers and Kromg 
formulae. A particularly important formula is 


Stare. =! dx. 


l 
“o= -a 


EOD 


Using the fact that {'(x) is even, we can also write 


C"(@) = -1P f aa dx ee oes dx 
7 
oO 








x—@ 7T xX+@ 
0 





. i . in 
t The microscopic theory shows that the œ? term in the impedance also contains a factor vary £ 
logarithmically with œ; see PK, §§96, 97. 
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ao 


2w | C(x) 





ç" (œ) = ara P I dx. (87.10) 


0 























erm — | inthe numerator of the integrand may be omitted, since the principal value of 
ntegral of 1/(x? — @*) is zero. 
e above statements concerning the function (w) are equally applicable to the 
; ocal function 1/¢(@); the operator ¢~ i converts E, into H, Xn. In particular, (87.10) 
mes fea) 
ait See 
Eo = -p| BOE (87.11) 
T x* —@ 

0 
mall ¢ this formula may be more useful than (87.10). In the form (87.11), however, it is 
applicable to superconductors, for which ¢~ t according to (87.8), has a pole at œ = 0. 
nple modification in the derivation, analogous to that which changes (82.7) into (82.9), 


a0 


EE E) 
K *o)] -p| Eats. (87.12) 
0 


p conclude this section we shall discuss, as an example of the use of the impedance, the 
flection of a plane electromagnetic wave incident from a vacuum on the plane surface of a 
al with surface impedance C. If the vector E is polarized perpendicular to the plane of 
lence, the boundary condition (87.6) gives 

Eo + É, = C(H, — H )cos Oo = C(E5 — E,)cos fo; 

notation being the same as in §86. Hence, since ¢ is small. we have E,/Eọ 
-(1 —2¢ cos bo), and the reflection coefficient is 

R, =1-4€' cos bo. (87.13) 
‘On the other hand, Ep lies in the plane of incidence, the boundary condition in the 
n CH, = nXxE, gives 

E(Ho +H,) = (Ep — E,) cos 6o = (Ho — Hy) cos Oo, 


nce the reflection coefficient is 








Bae 87.14 
E TEA (eaa) 
‘angles of incidence not close to In 
Ry= 1—4C seco. (87.15) 
on the other hand, do = 27% — Co < 1, then 
_ |%o-6)’ 
Ss lee cee | (87.16) 








s expression takes a minimum value (|¢|—<¢’)/(I¢|+’) for dg = ICI. 
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Except for the special case (87.16), the reflection coefficient for a surface with small ¢ i; 
close to unity. A surface with € > 0 is perfectly conducting and also perfectly reflecting. The 
boundary condition at such a surface is simply E, = 0, analogously to that for the 
electrostatic field at the surface of a conductor. Ina variable field, however, the fulfilment of 
this condition necessarily implies the fulfilment of a certain condition on the magnetic fielg, 
the equations iwH/c = curl E and E, = 0 on the surface imply that H„ = 0 there. Thus the 
normal component of the magnetic field must be zero on a perfectly conducting surface ing 
variable electromagnetic field. In this respect such a surface resembles the surface of a 
superconductor in a static magnetic field. 


PROBLEM 


Determine the intensity of thermal radiation (of a given frequency) from a plane surface of smal! impedance 


SOLUTION. According to Kirchhoff’s law, the intensity d/ of thermal radiation into an element of solid angle 
do from an arbitrary surface is related to the intensity dl, of radiation from the surface of a black body by 
dI =(1—R)dJ,, where R is the reflection coefficient for natural light incident on the surface concerned. 
Calculating R = 1(R, + R,) from formulae (87.13) and (87.14) and using the isotropy of radiation from a black 
surface (dI, = I, do/2z), we have 


i 
2n 


l ; 
I= 216 | fi 4 | ___—eos6 sin 0 dé. 
cos?@ + 2¢’cos8 +C? +"? 





0 





Effecting the integration and omitting terms of higher order in ¢, we find 


I l Ia. i | 
— = ("| lop ————_+ | -— ta EE, 
Io . | KIZEE (e 2 E 


In particular, for a metal whose impedance is given by formula (87.3) (x = 1), we have 


I w 4na ; 
—= /——| log—+1— 47 |. 
Ta 8x0 W 





§88. The propagation of waves in an inhomogeneous medium 


Let us consider the propagation of electromagnetic waves in a medium which 4 
electrically inhomogeneous but isotropic. In Maxwell’s equations curl E = io ME 
curl H = —iewE/c (we put everywhere p= 1), € is a function of the coordinates: 
Substituting for H from the first equation in the second, we obtain for E the equatiol 


AE + (£w?/c?)E — grad div E = 0. (88.1) 

Elimination of E gives for H the equation 
A H + (ew?/c?)H + (1/2) grade x curl H = 0. e 
These equations are considerably simplified in the one-dimensional case, ee i E 


only in one direction in space. We take this direction as the z-axis, and consider 4 a 
whose direction of propagation lies in the xz-plane. In such a wave all qual p 
independent of y. and the uniformity of the medium in the x-direction means tha 
dependence on x can be taken as being through a factor e™*, with x a constant. For K . 
the field depends only on z, i.e. we have a wave which is said to pass normally throug 
layer of matter in which € = e(2). If k + 0, the wave is said to pass obliquely. | 
For x Æ 0 two independent cases of polarization must be distinguished. In one, thé 


— 
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r E is perpendicular to the plane of propagation of the wave (i.e. it is in the y- 
tion), and the magnetic field H accordingly lies in that plane. Equation (88.1) becomes 


OE (e0? 
et (o = oe = 0. (88.3) 


Oz? 


e other case, the field H is in the y-direction, and E lies in the plane of propagation. 
sit is more convenient to start from equation (88.2), which gives 


0 /f1cH Ce Ke 

S Bes N EE T E a 88.4 
z Oz (z E ) Ge) 
hall call these two types of wave E waves and H waves respectively. 

e equations can be solved in a general form in the important case where the con- 
ns of propagation approximate to those of geometrical optics. In what follows 
hall assume that the function e(z) is real. In equation (88.3) the quantity 2n/./ f, where 


= gw?/c? — k”, plays the part of a wavelength in the z-direction. The approximation of 
netrical optics corresponds to the inequality 


d I 
— 1. 88.5 
T a (88.5) 
the two independent solutions of equation (88.3) are of the form 
SOE ivan (88.6) 


fi 


1€ condition (88.5) is certainly not fulfilled near any reflection point, where f = 0. Let 
) be such a point, with f > 0 for z<0 and f < 0 for z>0. At sufficiently great 
ices on either side of z = 0, the solution of equation (88.3) is of the form (88.6), but to 
lish the relation between the coefficients in the solutions for z > 0 and z < 0 it is 
Sary to examine the exact solution of equation (88.3) near z = 0. In the neighbour- 
Of this point, f(z) can be expanded as a power series in z: f = — az. The solution of the 
ion d?E/dz? — azE = 0 which is finite for all z is 


Fe (Aso Dan. (88.7) 


M(é) = ie | cos(4u* + uč) du 
0 


Airy function; we everywhere omit the factor e~***'** in E.t The asymptotic form of 





qu ation (88.3) bears a formal resemblance to Schrédinger’s equation for one-dimensional motion of a 
e In quantum mechanics, and the approximation of geometrical optics corresponds to the quasi-classical 
tere we shall give the final results; their derivation may be found in QM, Chapter VII. 

ere we make use of the Airy function as defined in other volumes of the Course of Theoretical Physics. It is 
Ore usually defined as 


Aig = O(E)/ fr. 
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the solution of equation (88.3) for large |z] is 






A 
E = 4 cos( IR +4] for z < 0, 
0 


A 
B= zp- | Viste) for z > 0, 


0 


with the same coefficient A as in (88.7). The first of these expressions represents the 
Stationary wave obtained by superposing the wave incident in the positive z-direction ang 
the wave reflected from the plane z = 0. The amplitudes of these waves are both equal tg 
4A/f*, i.e. the reflection coefficient is unity. Only an exponentially damped field penetrate 
into the region z > 0. 

As the reflection point is approached, the wave amplitude increases, as is shown by the 
factor fê in the denominators in (88.8). To determine the field in the immediate vicinity of | 
that point, the expression (88.7) must be used. This function decreases monotonically into | 
the region z > Oand oscillates in the region z < 0, the successive maxima of | E| continually 
decreasing. The first and highest maximum is reached at œz = — 1-02, and its value xs 
E = 0.949 Aw” */¢, | 

So far we have spoken of solutions for E waves. It is easy to see that, in the 
approximation of geometrical optics, entirely similar formulae are valid for H waves. If we 
substitute in equation (88.4) H = u,/ £, the derivatives of £ appear as products with u, but 
not with u’; neglecting therefore the terms containing these derivatives, which are small by 
(88.5), we obtain for the function u(z) the equation 








= = 


which is of the same form as (88.3). Hence the formulae for H differ from (88.6)-(88.8) only 
by a factor \/e. 

A curious difference in the behaviour of the two types of wave occurs when an obliquely 
incident wave (k # 0) is reflected from a layer in which e(z) passes through zero. The 
reflection takes place from the plane on which f(z) = ew?/c? — K? = 0, i.e. the wave “does 
not reach” the plane where ¢ = 0. The E wave penetrates beyond the plane only a 
exponentially damped field. When an H wave is reflected, however, there is superposed of 
similar damped field a strong local field near the plane on which e = 0 (K. Forsterline 
1949).+ This may be shown as follows. 

Let £ = 0 at the point z = 0. Near this point, we write 





gol 
€ = —az, a>O (8° 
and equation (88.4) takes the form 
2 ) 
TH ohil (aw?z/c? +K?)H = 0. (38.10 
dz. as 







a - : f ’ ; I 
+ This isa singularity of (88.4), and geometrical optics is therefore invalid near it, although f(z) does not van 
and (88.5) may be valid. 
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ding to the general theory of linear differential equations, one of the solutions of this 
on, which we call H(z), has no singularity at z = 0, and its expansion in powers of z 
q with E”: 

H (z) =z +... 


ther independent solution has a logarithmic singularity, and its expansion is 
2 
H(z) = MC NORE SE e 


arameter a occurs only in the subsequent terms of the expansions. To find the field 
= Q, it is not necessary to discuss the choice of a linear combination of H, and H, 
tisfies the conditions at infinity. We need only note that as z > 0 this combination 
to a constant (Ho, say) and has a logarithmic singularity 


H = H, (1 +4x?°z? log xz); 


4 leading singularity term has been written together with the constant. The electric 
is determined from H,=H by Maxwell’s equations E, = —(ic/ew)0H/0z, 
Eo 0H /ôx. The ai idence of H on x is given by the factor e™*, and the leading 
in E, and E, are therefore 


E, = H,(ix*c/aw) log xz, E, = Ho (kc/aw)(1/z). (88.11) 


become infinite as z > 0. 

eality, of course, the absorption which must be present in the medium, even though 
means that the field attains large but not infinite values compared with the weak 
n the adjoining region. It is noteworthy, however, that even an infinitesimal 
lary part of e causes a finite dissipation of energy. Let e = — az + id with 6 > +0. 
he analytical continuation of the logarithm in (88.11) from the right-hand to the left- 
alf of the z axis must be carried out from below in the complex z-plane, and for z < 0 


E, = H,(ix?c/aw)(log|xz| — in). 
(time) averaged energy flux — the z-axis: 
= (c/8n) re(E,H,*) 


9.9a)) i Is zero for z > 0; for z < 0, the presence of a real part of E, gives a non-zero 
lux towards the plane z = 0, where this energy is dissipated:} 


i S, =i 207. (Sina (88.12) 
Gil'denburg, 1963). 


IS result can also be derived from the expression (80.4) for the energy dissipated in unit volume: 


_ we" |E|? 
Q= Br 








im — s 
ko a-oa zZ- tó? 
l 2 = Kk?c? Ho? 5(z)/8aw; 

On with respect to z gives (88.12). 
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PROBLEM 


A surface H wave can be propagated along a plane boundary between two media whose permittivities £, and 
— |e,| are of opposite signs. The wave is damped in both media. Determine the relation between the frequency and 
the wave number. 


SOLUTION. We take the boundary surface as the xy-plane, the wave being propagated in the x-direction and 
the field H being in the y-direction. Let the half-space z > O contain the medium with the positive permittivity £, 
and the half-space z < Othat with the negative permittivity £}. We seek the field in the wave damped as z > + coin 
the form 


H, = Hoe —*?, k, = /(k?-we,/c?)_ — for z > 0, 
H, = Hotz, kg = /(k? + Ie,//c2)_ forz < 0, 
where k, x, and x, are real. The boundary condition that H, = H be continuous is already satisfied, and the 
continuity condition on E, gives (1/e,)@H,/0z = (1/e,)0@H,/éz for z = 0, or x, /ey = K2/|€2|. This equation can 
be satisfied if £, < |e,| (and if £;£, < 0, as has been assumed). The relation between k and w is 
k’ = we, fez I/c? (lezl —€,). 


It is easily seen that surface E waves cannot be propagated. 


§89. The reciprocity principle 


The emission of monochromatic electromagnetic waves from a source consisting of a 
thin wire in an arbitrary medium is described by the equations 


curl E = iwB/c, curl H = —iwD/c + 47j.,/c, (89.1) 


where j,, is the density of periodic currents flowing in the wire which are extraneous to the 
medium. 

Let two different sources (of the same frequency) be placed in the medium; we denote by 
the suffixes 1 and 2 the fields due to these sources separately. The medium may be 
inhomogeneous and anisotropic. The only assumption which we shall make concerning 
the properties of the medium is that the linear relations D; = €,,E£,, Bi = HH, hold, the 
tensors £ and u being symmetrical. Under these conditions it is possible to derive a 
relation between the fields of the two sources and the extraneous currents in them. 

We take the scalar products of the two equations curl E, = ikB,, curl H, = —ikD, 
+ 47j,, ;/c with H, and E, respectively, and of the corresponding equations for E, and H, 
with —H, and —E,. Adding all four together, we obtain 


(H, -curl E, — E, -curl H3) + (E, curl H, — H; ‘curl E,) 
= (i@/c)(B, -H, — H, - B2) + (iw/c)(E, - D; — D; - E2) 
a (42 /O)ex1 i E, = j2 A E,). 


But B; -H, = »,,H,,H,; = H, <B, and E,-D, = D, -E,, so that the first two terms on 
the right-hand side are zero. The left-hand side can be transformed by a formula of vector 
analysis, and the result is 


div [E, xH; — E, xH; ] = (47/c)(ex1 “E; —Jex2 ° E) 


We integrate this equation over all space; the integral on the left-hand side can be 
transformed into one over an infinitely remote surface, and is zero. Thus we have 


Vier EdV, = fje E, dV. (89.2) 


The integrals are taken only over the volumes of sources 1 and 2 respectively, since the 
currents jex1 and jex 2 are zero elsewhere. Since the wires are thin, the effect of each on the 
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field of the other may be neglected, and therefore E, and E, in formula (89.2) are the fields 
due to each of the two sources at the position of the other. Formula (89.2) is the required 
relation; it is called the reciprocity theorem. 

If the dimensions of the sources are small compared with the wavelength and with the 
distance between them, this formula can be simplified. The field of each source varies only 
slightly over the dimensions of the other, and in (89.2) we can take E, and E, outside the 
integrals and replace them by E, (2) and E,(1). 1 and 2 signifying the positions of the two 
sources: 


E,(1) “Vist dV, = E, (2) ` fiex 2 dV. 


The integral fjex dV is just the time derivative of the total dipole moment # of the source. 
Since # = —iw P, we have finally 
E,(1)-F, = E, (2)° P. (89.3) 


This form of the reciprocity theorem applies, of course, only to dipole emission. If the 
dipole moment of the source is zero, or very small, the approximation made in going from 
the general formula (89.2) to (89.3) is inadequate; see Problem 1. 


PROBLEMS 


PROBLEM 1. Derive the reciprocity theorem for quadrupole emitters and for magnetic dipole emitters. 


SOLUTION. If fjex dV = O, the next terms in the expansion must be taken in the integrals (89.2): 





? CE,, 
j,°E,dV, = a x, JigdV, 
Xk a 


7 (Fa Ss 
o alex, ôx; 
1/CE,; cE, 
4\ 0x, ex; 








IE + xij) dV, 


) foriu—rswders 








we omit the suffix ex for brevity. The quadrupole moment tensor and the magnetic moment tensor are defined by 
Di = —10D, = f [3(xij, + x4) — 26,6 j 1dr. 
1 : 
M = — |r xjdP. 

2c 
Using the equation curl E = iwB/c and assuming that £ = constant near the sources (and so div E = 0), we obtain 
inf CE,;, CE 

(Ea, Ea 


i, -E,qv = —2 
Ji. “Fa 12\ dx, ox 








Pau iobair, 


i 
Hence we see that for quadrupole emitters the reciprocity theorem is 


cau -a nf (E0 n) 
l, ik 2,%k 





+ +——— JD 
Cx, Cx CX, CX 








and for magnetic dipole emitters 
B,(1) "Mi = B, (2) “Ma. 


PROBLEM 2. Determine the intensity of emission from a dipole source immersed in a homogeneous isotropic 
medium as a function of the permittivity £ and permeability u of the medium. 


SOLUTION. By substituting E = a (u/e)E’, H = H’ æ = a eG (eu), equations (89.1) are brought to the form 
curl E = iw'H’/c, curl H' = — iw E'/c + 4njex/c, which do not involve s or u. The solution of these equations for 
dipole emission gives a vector field potential in the wave region (see Fields, §67) A’ = ( 1/cRo) {ix AV, where Ro is 
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the distance from the source; the phase factors are omitted, since they do not affect the calculation of the inteng, 

Hence we see that, for given j.,, we can put A’ = Ao, where the suffix 0 signifies the value for the source fielg in 

vacuum. The values of H’ and E’ are i 
H’ = ik’ x A’ = i /(£u)k X Ào = J(en)Ho, E’ = H’. 


Hence H = \/(eu)Ho, E = uEo and I = Ig p?’?et’?, This is the required solution. 


§90. Electromagnetic oscillations in hollow resonators 


Let us consider the electric field in a hollow evacuated resonator with perfecti 
conducting walls. The equations of the monochromatic field in the vacuum are 


curl E = iwH/c, curl H = —iwE/c. (90.1) 
| 


The boundary conditions on the surface of a perfect conductor (i.e. one whose impedange 
¢ = 0) are 
E, = 0, H, = 0. (90.2) 


To solve the problem, it suffices to consider either E or H. For instance, eliminating H from 
equations (90.1), we find that E satisfies the wave equation 


AE +(@?/cE = 0, (90.3) 


together with the equation 
div E = 0, (90.4) 


which does not follow from (90.1). Solving these equations with the boundary condition 
E, = 0, we find the field E, and then H can be derived from the first of (90.1). The boundary 
condition H, = 0 is automatically satisfied. 

When the shape and size of the cavity are given, equations (90.3) and (90.4) have 
solutions only for certain values of w, called the eigenfrequencies of the electromagnetic 
oscillations of the resonator concerned. For ¢ = 0 the electromagnetic field does not 
penetrate into the metal, and no loss occurs there. All the characteristic oscillations a 
therefore undamped, and all the eigenfrequencies are real. The latter are infinite in numbéet. 
and the order of magnitude of the lowest eigenfrequency @, is c/I, where I is the lineaf 
dimension of the cavity. This follows immediately from dimensional considerations, sine 
is the only dimensional parameter characterizing the problem if the shape ofthe resonato! 
is given. The high eigenfrequencies (w > c/I) lie very close together, and the number © 
them per unit range of w is Vw?/2n2c3, which depends on the volume V of the resonato! 
but not on its shape (see Fields, §52). | 

The (time) averaged values of the electric and magnetic field energies in the resonator alt 
respectively 4{(|E|?/8z) dV and 4{(|H|?/8x) dV. We shall show that they are equal. Usna 
the first equation (90.1), we write [H-H* dV = (c° /œ°) {curl E - curl E* dV’. The seco? 
integral can be integrated by parts: 


f curl E -curl E* dV = §curlE* -df x E + f E + curl curl E* dV 


Since E, = 0 on the boundary of the volume considered, the surface integral is zero, lea 


vit 





A Z 
[mra y= = E - curl curl E* dv 





5 -eo {E- AE aV 
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(IH|?dV = JIE} dr. (90.5) 


‘completes the proof.t 

ndamped oscillations in a resonator are obtained if the impedance of its walls is 
med to be zero. Let us now ascertain the effect on the eigenfrequencies if the 
dance of the walls is small but not zero. 

e (time) averaged energy dissipated in the walls of the resonator in unit time can be 
lated as the flux of energy into the walls from the electromagnetic field in the cavity. 
z the boundary condition (87.6) on the surface of a body with impedance ¢, we write 
ormal component of the energy flux density as S, = (c/8z) re (E, x H,*) = cC'|H,|* /87, 
e% is the real part of ¢. In this expression, which already contains the small factor ¢', 
in as a first approximation take H to be the field obtained by solving the problem with 
). The total energy dissipated is given by the integral 


z= §CIHPdf (90.6) 


n over the internal surface of the resonator. The field amplitude is damped in time with 
ement obtained by dividing (90.6) by twice the total energy of the field, namely 
I? +H dvV//8x = [IHI? dV//8z. 

he damping decrement is determined by the imaginary part |w’| of the complex 
ency w = œw +iw’.{ Writing the formula in the complex form 


$cCIHI?df 


JIH] ar” i 


w— Wy = — $i 
1 Wo being the frequencies with and without allowance for ¢, we can determine not 
the damping decrement but also the change in the eigenfrequencies themselves. The 
is seen to be determined by the imaginary part of {. We have mentioned in §87 that 
ly ¢" < 0, and the eigenfrequencies are then reduced. 

actual calculations, it may be more convenient to transform the volume integral in the 
hinator of (90.7) into one over the surface. Since the vector H is tangential to the 
€, we have identically 


$(H -H*)(r -df) = §(H -H*)(r-df)— §(H -1r)(H* -df)— §(H* -r)(H - df). 
ntegrals on the right are transformed by putting df > dV grad, and using (90.1) we 


sog 


$(H - H*)(r -df ) = ik fr - (H x E* — H* x E) dV + {H-H*dV. 


rly, using the identity rx(Exdf) = E(r-df)—(r-E)df = 0 (by the boundary 


4 “and H we always mean the fields corresponding to a particular eigenfrequency. It is not difficult to show 
* helds corresponding to two different eigenfrequencies œw, and œ, are orthogonal: 


fE,-E,*dV = fH,-H,*dV = 0. 


rad io engineering the Q factor or quality of the resonator, defined as the ratio cw’ /2|q"’|, is generally used 
of the damping decrement. 
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condition E, = 0), we have 


§(E-E*)(r-df) 


— §(E-E*)(r-df) + §(E -r)(E* - df) + ¢(E* - rXE - df) 
= ik |r - (H x E* — H* xE)dV —JE-E*d¥V. 


Subtracting and using (90.5). we obtain 
fIHIPAV = $$ (HP — [EP rdf (908) 


The formulae for a resonator filled with a non-absorbing dielectric for which ¢ and u 
differ from unity are obtained from those for an evacuated resonator by replacing 


w, E and H by w / (eu), R £E and R uH. (90.9) 


This is seen from the fact that the transformation just given converts equations (90.1) into 
the correct Maxwell’s equations for the medium: 


curl E = iwpH/c, curl H = —iweE/c. 


In particular, the presence of the medium reduces each eigenfrequency by a factor Ji (eu). 


PROBLEMS 


PROBLEM 1. Determine the eigenfrequencies of a cuboidal resonator with perfectly conducting walls. 


SOLUTION. We take the axes of x, y, z along three concurrent edges of the cuboid; let the lengths of these edges 
be a,, a}, a3. The solutions of equations (90.3) and (90.4) which satisfy the boundary condition E, = 0 are 


E, = A, cosk,xsinkyysink,z-e ‘ (1) 
and similarly for E,, E,, where 
k, =p tän k, = naī/az, k, = nzn/a, ' (2) 
(n,, nz, nz being positive integers). The constants A,, A2, Á; are related by 


Aik, + Ak, + A3k, = 0, 





and the eigenfrequencies are œ? = c?(k,? +k,? +k,”). 
The magnetic field is calculated from (1): 








iwt 


H, = — (ic/w)(A3k, — Ark) sink,x cosk,ycosk,z‘e , 










and similarly for H,, H, il 
If two or all of the numbers n4, nz, "3 are zero, E = 0. Hence the lowest frequency corresponds to an ost 
in which one of these numbers is 0 and the other two are I. ; endent 
Since the relation (3) holds, the solution (1) (with given non-zero nj, n2, na) involves only two ine nis 
arbitrary constants, i.e. each eigenfrequency is doubly degenerate. The frequencies for which one of n,» "2° 
zero are not degenerate. 


Jation 


ical 
DAA ae WE. . neric4 
PROBLEM 2. Determine the frequencies of electric dipole and magnetic dipole oscillations in 4 sp 
resonator with radius a. 


SOLUTION. Ina stationary spherical electric dipole wave, the fields E and H are of the form 


sin kr i sin kr 
E =e curl curi( b) H = — ike” curi( b) 
r 








r 


where b is a constant vector and k = w/c (see F ields, §72). The boundary condition n XE = 0 at E a 
cot ka = (ka) ! — ka. The smallest root of this equation is ka = 2.74. The frequency w = 2.74 c/a 1s the 
eigenfrequency of a spherical resonator. 
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in a Stationary spherical magnetic dipole wave, we have 


f sin kr p sin kr 
E = ike‘ curi( b) H = e “curl cuni( b) 


r r 








e boundary condition on E gives the equation tan ka = ka, whose smallest root is ka = 4.49. 


PROBLEM 3. A small sphere with electric and magnetic polarizabilities «, and a,, is placed in a resonator. 
termine the resulting shift in the resonator eigenfrequency. 


OLUTION. Let E and H be the fields in the resonator without the sphere. E, and H, those when the sphere is 
sent. The fields E and H satisfy the equations (90.1); E, and H, satisfy 


curl E, =iw,H,/c, curl H, = 4xj,/c—iw,E,/c, (1) 


ere j, is the current density in the sphere. We multiply the first of these equations by H*, the second by — E*, 
e the complex conjugates of equations (90.1), and multiply them by H, and — E, respectively. Addition of all 
if equations then gives 


div[E, x H* + E* xH, ] = id@(H, -H* +E, -E*)/c —4nj, -E*/c, 


pre Ow = w, —w is the required frequency shift. This equation is next integrated over the volume of the 
mator. The left-hand side is zero, by Gauss’s theorem, since at the wall E, = E,, = 0. Since the sphere is small, 
Main contribution to the integral of the first term on the right arises at large distances from the sphere; at such 
ces, however, the field perturbation due to the sphere is small, and so we can put E, = E, H, = H. The 
gral of the second term is transformed as in §89 (and Problem 1 there), giving 

















f j -E*dv = —io(P-E,*+.4-H,*) 
= —iwV,(a,|Eol* + ¢,,/H9|”), 
re Eo = Ejro), Ho = H(ro), ro is the position of the sphere, and Vo is its volume; the sphere is supposed to be 
mall that the fields E and H do not vary appreciably across it. 
hus, with (90.5), we find the frequency shift 
60 a |Egl? + % | Hl? 
w fHPdV/2. © 
he polarizabilities are complex, this formula gives both the frequency shift and the damping of the 
acteristic oscillations. 


O BLEM 4. A resonator is filled with a dispersionless transparent dielectric having permittivity Eo. 
Imine the change in the eigenfrequency due to a small change de(r) in the permittivity. 


LUTION. The unperturbed field E,, Hg in the resonator satisfies the equations curl E, = iw H,/c, curl Ho 
4 ofoE,/c, and the perturbed field E, H satisfies curl E = i (Wp. + 6m)H/c, curl H = — i(wof + wd 
M)E/c, the term in dade being neglected. Using these four equations as in Problem 3, we find 
div [(E x Ho*) + (Eo* XH) ] = i(@ ode + £96) E - Eo*/c+ id@H -H,*/c 

= i(w dé + E9dw)Ey * E,*/c + i6@H, * Ho*/c 


w/w = — JIE |? ded V/2e fIEol? dV. 


Tiving the last expression, we have used the fact that for a dielectric-filled resonator the relation (90.5) 


nes 
flHol? dV = eo f IE? dV, 
clear from (90.9). 


The propagation of electromagnetic waves in waveguides 
Waveguide is a hollow pipet of infinite length, i.e. a cavity infinite in one direction, 


he formulae below hold for an evacuated waveguide. Those for a waveguide filled with a non-absorbing 
nc are obtained by means of the transformation (90.9). 
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whereas the resonators discussed in §90 are of finite volume. The characteristic oscillatio 
in a resonator are stationary waves, but those in a waveguide are “stationary” only į 
transverse directions; waves travelling in the direction along the pipe can be propagated 
Let us consider a straight waveguide with any (simply-connected) cross-section unifor 
along its length. We shall first suppose that the walls of the waveguide are perfeeth 
conducting, and take the z-axis along the waveguide. In a travelling wave propagated in th 
z-direction, all quantities depend on z through a factor exp (ik,z), with k, a constant. i 
The electromagnetic waves possible in such a waveguide can be divided into two types: in 
one, H, = 0, and in the other E, = 0 (Rayleigh, 1897).The former type, in which the 
magnetic field is purely transverse, are called electric-type waves or E waves. The latter, in 
which the electric field is purely transverse, are called magnetic-type waves or H wayes+ 
Let us first consider E waves. The x and y components of equations (90.1) give ` 


n the 














OE w OE w 
ž4 —ik E, = i— H ——-+ik,E, =i— H 
oy ee amas: a ee 
ik,H, =i E,, ik,H, = —i—E,, 
c c 
Hence 
_ ik, OE, pak OE, 
eK fae y  K* Oy’ 
(91.1) 
iw OE, _ iw OE, 
G2 3)? ") aie 


where x? = (w?/c”)—k,”. Thus, in an E wave, all the transverse components of E and H 
can be expressed in terms of the longitudinal component of the electric field. This 
component must be determined by solving the wave equation, which takes the two- 
dimensional form ; 

A ,E,+k?E, =0 (91.2) 


(A, being the two-dimensional Laplacian). The boundary conditions for this equation are 
that the tangential components of E should vanish on the walls of the waveguide, and can 
be satisfied by putting 


» 


E, = 0 on the circumference of the cross-section. (91.3) 


According to formulae (91.1), the two-dimensional vector whose components are E, P 
proportional to the two-dimensional gradient of E,. When the condition (91.3) holds 
therefore, the tangential component of E in the xy-plane is also zero. 

Similarly, in an H wave the transverse components of E and H can be expresse 
of the longitudinal component of the magnetic field: 


d in terms 























_ ik, oH, _ ik, CH, 
x eee K oy 14) 
x ce Saye x o ox 


+ These types are also known as TM (transverse-magnetic) and TE (transverse-electric) waves. 
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jongitudinal field H, is given by the solution of the equation 
AH, +k°H, =0 (91.5) 


the boundary condition 


0H,/én = 0 on the circumference of the cross-section. (91.6) 


rding to formulae (91.4), this condition ensures that the normal component of H is 


us the problem of determining the electromagnetic field in a waveguide reduces to 
of finding solutions of the two-dimensional wave equation A,f+«?f = 0, with the 
dary condition f = 0 or 6f/én = 0 on the circumference of the cross-section. For a 
cross-section, such solutions exist only for certain definite eigenvalues of the 
meter K?. 

r each eigenvalue x? we have the relation 


w = c2(k,? +x?) (91.7) 
een the frequency w and the wave number k, of the wave. The velocity of propagation 
e wave along the waveguide is given by the derivative 
à k 2k 
pene z (91.8) 
Ok, a (k? + K’) w 


given x, this varies from 0 to c when k, varies from 0 to ©. 
fe (time) averaged energy flux density along the waveguide is given by the z-component 
e Poynting vector. A simple calculation, using formulae (91.1), gives for an E wave 





u 


2 k 
S, = £ re(E x H*), = — 


8x Snk* igrad, EJ". 





total energy flux q is obtained by integrating 5, over the cross-section of the 
uide. We have 


CE 
[lerad, Pdf - pe." a “dl — |E: Bue 
n 


irst integral is taken along the circumference of the cross-section, and is zero on 
pt of the boundary condition E, = 0. In the second integral we replace A,E, by 
tz and the result is 








= wk, IE 2d 
TE Qn zl if. (91.9) 


Xpression obtained for an H wave is the same with H, instead of E.. 
electromagnetic energy density W (per unit length of the waveguide) may be 
ited similarly. It is simpler, however, to derive W directly from q, since we must have 
u,. From (91.8) and (91.9), therefore, 


2 


@ 
= aaa (leat (91.10) 


allows from (91.7) that, for each type of wave (for a given value of x°) there is a 
am possible frequency, namely cx. At lower f requencies the propagation of waves of 
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the type concerned is not possible. There is a smallest eigenvalue Kmin, which is not Zero (g 
below). We therefore conclude that there is a frequency wmin = CKmin below which no way 
can be propagated along the waveguide. The order of magnitude of wy, is c/a, Where g; 
the transverse dimension of the pipe. i 

This statement is valid, however, only for waveguides in which the cross-section is simp} 
connected (as we have hitherto assumed). When the cross-section is multiply connected + 
the situation is quite different. In such waveguides not only the E and H waves described 
above but also another type of wave, whose frequency is subject to no restriction, can be 
propagated. Such waves (called principal waves) are characterized by the fact that k, = + 
(i.e. x = 0); the velocity of propagation is equal to the velocity of light c. We shall derive the 
chief properties of such waves, and shall see why such waves cannot occur when the cross- 
section of the waveguide is simply connected. 

All the field components in a principal wave satisfy the two-dimensional Laplace's 
equation, A,f = 0. With the boundary condition f = 0, the only solution of this equation 
regular throughout the cross-section (whether or not multiply connected) is f = 0. Hence 
we have E, = 0 in a principal wave. 

With the boundary condition ¢éf/0n = 0, a regular solution is f = constant. It is easy to 
see, however, that when f is H, the constant must be zero (by a “constant”, of course, we — 
mean a quantity independent of x and y). For, integrating the equation 








over the cross-section, we obtain $ H,,di + (iœ/c) | H,df = 0; since H,, = 0 on the circum- — 
ference of the cross-section and H, is constant over its area, it follows that H, = 0. 
Thus a principal wave is purely transverse. For E, = H, = 0, the x and y components of 
equations (90.1) give ; 
= = Al) 
H, = =i. H, = E,, i (91.1 ) | 
i.e. the fields E and H are perpendicular and equal in magnitude. They are determined by 
the equations 
4 
aE, aE, _¢ 
Ox oy 





*4-—= 0, (curl E), = 
‘a » 
with the boundary condition E, = 0. 

We see that the dependence of E, and therefore of H, on x and y is given by t ; 
of a two-dimensional electrostatic problem: E = — grad, ¢, where the potential ? satisfies 
the equation A.,¢ = 0 with the boundary condition ¢ = constant. Ina simply-connett al | 
region, this boundary condition means that ¢ = constant (and so E = 0) is the 0 la 
solution regular throughout the region. This shows that waves of this type cannot ki | 
propagated along a waveguide whose cross-section is simply connected. In a multip a 
connected region, on the other hand, the constant in the boundary condition need not F 
the same on the various separate parts of the boundary, and so Laplace’s equation r 
solutions which are not trivial. The electric-field distribution over the cross-section o fa 
waveguide is the same as the two-dimensional electrostatic field between the plates 0” 
capacitor at a given potential difference. 


he solution 








+ For example, the space between two pipes one inside the other, or the space outside two parallel p! 
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far we have assumed the walls of the waveguide to be perfectly conducting f If the 
t ave a small but finite impedance, losses occur and the wave is therefore damped as it 
pagated along the waveguide. The damping coefficient can be calculated in the same 
iş for the damping in time of electromagnetic oscillations in a resonator (§90). 

e _ amount of energy dissipated in unit time per unit length of the walls of the 
uide is given by the integral (c/8x)¢’$|H|? dl, taken along the circumference of the 
se ection; H is the magnetic field calculated on the assumption that ¢ = 0. Dividing this 
ssion by twice the energy flux q along the waveguide, we obtain the required damping 
cient a. With this definition, « gives the rate of damping of the wave amplitude, which 
ases along the waveguide ase”, 

pressing all quantities in terms of E, or H, by means of formulae (91.1) or (91.4), we 
n the following formulae for the absorption coefficients: for an E wave 

wot’ $|grad,E,|7dl 


= LE e 12 
*= 2K?kc [|E G 





for an H wave 

_ ck70' SAIH + (k,7/K*)|\grad,H zl fal 
— 2k.w (lH? df 

‘actual calculation it may be convenient to transform the surface integrals in the 


minators into integrals along the circumference. The necessary formulae, whose 
ation is similar to that of (90.8), are 





(91.13) 


| E,|?df = = $ (n r)|grad, E,|7dl, 
(91.14) 


1 
|iw.rar 2 $ (n: r){x?|H,|? — |grad,H,|7}dl. 


len k, +0, i.e. the frequency w — cx, the expressions (91.12) and (91.13) become 
te, but they are then no longer applicable, because their derivation presupposes that x 
all compared with k,. 

r ulae (91.12) and (91.13) are not valid for a principal wave (in a waveguide with a 
: y-connected cross-section), in which E,, H, and x are all zero. In this case all the field 
nents can be expressed in terms of the scalar potential ¢. Using the fact that the 
F Tand E = — grad,¢ in a principal wave are perpendicular and equal in magnitude, 
ain the absorption coefficient 


a; ¢'$|grad,ġ|?d] 
2figrad,ġ| df 


d propagation of a principal wave along a waveguide can be relatively simply 
sed when its absorption coefficient is not small (so that formula (91.15) is 


f et the wavelength c/w is large compared with the transverse dimension of 
aveguide 


(91.15) 





^ Particular, this assumption is necessary for a rigorous separation of waves with E, = O and those with 
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As has been mentioned, the transverse electric field in a principal wave at any instant 
corresponds to the electrostatic field in a capacitor formed by the walls of the Waveguide 
carrying equal and opposite charges. Let these charges be + e(z) per unit length. They ard 
related to the currents +J(z) flowing on the walls by the equation of continuity 
ĉejôt = —CJ/Cz, or, for a monochromatic field, iwe = CJ/0z. Next, let C be the 
capacitance per unit length of the waveguide. The “potential difference” ¢, — ¢, between 
its walls is e/C; differentiating this with respect to z, we obtain the e.m.f. which Maintains 
the current on the walls. (When absorption is present, the field is not purely transverse) 
Equating the e.m.f. to ZJ, where Z is the impedance per unit length, we have 


OT 


ae (z =) +iwZJ = 0. (91.16) 


Substituting Z = R —iwL/c*, where R and L are the resistance and self-inductance per 
unit length of the waveguide, we can return from the monochromatic current components 
to currents which are arbitrary functions of time. Assuming the capacitance C to be 
constant along the waveguide, we arrive at the telegraph equation: 


Loy er n 


Sea re: 2 91.17 
C Gz? Ct c? Gt? ( 


If there is no resistance (R = 0), this equation reduces, as it should, to the wave equation 
with a velocity of wave propagation i (c?/ LC) = c. The equation LC = 1 follows from the 
mathematical equivalence of the problems of determining 1/C and L for a given cross- 
section. The electric and magnetic fields between perfectly conducting surfaces are 
perpendicular and equal in magnitude (see (91.11)), and if this magnitude is given on the 
surfaces the charge density and the current density are respectively determined. Hence the 
coefficients of proportionality (1/C and L) between the field energy and the squared charge 
and current respectively are the same. 


PROBLEMS 


; ; re ith 
PROBLEM 1. Find the values of x for waves propagated in a waveguide whose cross-section isa rectangle W! 


sides a and b. Find the damping coefficients. 


SOLUTION. In E wavest E, = constant x sin k,x sin k,y, where k, =n,7/a, k, = n2.7/b, with m1; a 
positive integers > 1. In H waves H, = constant x cos k,x cos k,y, and one of n, and n, may be zero. In bot yy 
of wave k? = Kk? + k; = n7(n,?/a? +n,°/b°). The smallest value of x corresponds to an H1ọ wave (the su 
show the values of n, and n,) and is Kmin = 7/a (we assume that a > b). 

The damping coefficients are calculated from formulae (91.12) and (91.13) and are: for E waves 


a= 2t'eo(k.2b + k,?a)/cx?k,ab, 


Cw ( 2x? ) 
a+-—b j, 
ck,ab k? 


+ We everywhere omit the factor exp(ik,z — it). 


for H, o waves 
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d for Bn, waves (nis na Æ 0) 
2x70’ 


wk ab 





k,? 
[a +b+——(k,7a+ K7 | 
K 


SOBLEM 2. The same as Problem 1, but for a waveguide whose cross-section is a circle with radius a. 


"LUTION. Solving the wave equation in polar coordinates r, 6, we have for E waves 


sin 
E, = constant x J,(xr) nd 
cos 


t Be condition J,,(xa) = 0, which gives the values of x. In H waves the value of H, is given by the same 
a, but K 1S determined by the condition J,’ (xa) = 0. The smallest value of x occurs for the H, wave, and is 


ý 84/a. 
he e damping coefficient is calculated from formulae (91.12}-(91.14). For E waves it is & = wt’/cak,, and for H 


Fa "aed n w? 
a= | Real 
wka c7x?(a*K? — n?) 


The scattering of electromagnetic waves by small particles 





et us consider the scattering of electromagnetic waves by macroscopic particles whose 
lensions are small compared with the wavelength 4 ~ c/w of the wave undergoing 
tering (Rayleigh, 1871). When this condition holds, the electromagnetic field near the 
ticle may be supposed uniform. Being in a uniform field periodic in time, each particle 
quires definite electric and magnetic moments P and 4, whose dependence on time is 
sn by factors of the form e~ **. The scattered wave can be described as being the result of 
ation by these variable moments. At distances R from the particle which are large 
ipared with À (the wave region), the fields in the scattered wave are given by 


2 
H’ =< — {nx P+nx(Mxn)}, 
et (92.1) 


E = H’ Xn 


: ields, §71), where the unit vector n gives the direction of scattering, and the values of 
nd must be taken at the time t — R/c. We denote the fields in the scattered wave by 
ned letters and those in the incident wave by unprimed letters. The (time) averaged 
ey of radiation scattered into a solid angle do is dI = 4c|H’|? R? do/4n; dividing by 
energy flux density in the incident wave c|H|?/8z = c|E|?/8z, we obtain the scattering 
S-section. 

he calculation of # and M is particularly simple if the dimensions of the particle are 
llin comparison not only with å but also with the “wavelength” 6 corresponding to the 
a “NCy w in the material of the particle. In this case we can calculate the polarizability of 
Particle from the formulae for an external uniform static field, the only difference being, 
pt rse, that the values taken for £ and p are those corresponding to the given frequency 
nd not the static values. If. as usually happens. p is close to unity, the magnetic dipole 
Nn in formula (92.1) may be omitted. 

Or a spherical particle with radius a we have (see (8.10)) 


P=VoE, a= 3(e—1)/4n(e+2), (92.2) 
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and the scattering cross-section is 
do = (w/c)*|a|? V? sin’ do, (92.3) 


where 8 is the angle between the scattering direction n and the direction of the electric field 
E in the linearly polarized incident wave. The total cross-section is 


o = 8n\a\2atV2/3c*. (92.4) 


The frequency dependence of the cross-section is determined by the factor w* and by the 
polarizability. At frequencies so low that a shows no dispersion, the scattering is 
proportional to w*. It may be noted also that the cross-section is proportional to the square 
of the volume of the particle. 

If the incident wave is unpolarized (natural light) then the differential cross-section must 
be obtained by averaging (92.3) over all directions of the vector E in a plane perpendicular 
to the direction of propagation of the incident wave (i.e. perpendicular to its wave vector k). 
Denoting by 9 and ¢ the polar angle and the azimuth of the direction of n relative to k (¢ 
being measured from the plane of k and E), we have cos 0 = sin 9 cos ¢ (Fig. 47), so that 


do = (w/c)*|a|? V? (1 — sin? $cos* ġ)do. (92.5) 





Fic. 47 


On averaging over ¢, we obtain the following formula for the cross-section for scattering 
of an unpolarized wave: 


do = (w/c) lal? V? (1 +. cos” 9)do, (92.6) 


where 9 is the angle between the directions of incidence and scattering. The angula 
distribution (92.6) is symmetrical about the plane 9 = iz, i.e. the forward scattering ag 
backward scattering are the same. wil ht 
From formula (92.5) we can easily find the degree of depolarization of the scattered lig he 
To do so, we notice that, for a given direction of E, E lies in the plane of E and n. T i 
direction of the electric field E’ in the scattered wave therefore lies in the plane of k an 
(the plane of scattering) Or perpendicular to that plane, according as the azimuth $ of t 
vector E, measured from the plane of k and n, is O or 37. Let I, and I, be the intensities © 
scattered radiation having these two polarizations. The degree of depolarization is define 
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vu 


as the ratio of the smaller to the larger of these quantities. By (92.5) we have 
I/I, = cos. (92.7) 
If the scattering particle has a large permittivity, 
ô ~ c/on/ |e <A. 


[he dimensions of the particle may then be small compared with 2 but not small compared 
jth ô. In the first approximation with respect to 1/e, the electric moment of the particle 
aay be calculated as simply the moment of a conductor (£ > oc) in a uniform static 
xternal field. In calculating the magnetic moment, however, the induced currents in the 
article are of importance, and the problem cannot be taken as Static; instead, we must seek 
‘solution of equation (83.2) (with p = 1): 


AH + ew*H/c? = 0 (92.8) 




















hich becomes the field of the incident wave far from the particle. The magnetic and 
lectric moments are of the same order of magnitude, and both terms in formula (92.1) 
üst be retained. The angular distribution and amount of scattering are quite different 
fom those discussed above (see Problem 2). 


PROBLEMS 


PROBLEM 1. Linearly polarized light is scattered by randomly oriented small particles whose electric 
Marizability tensor has three different principal values. Determine the depolarizing factor for the scattered light. 


T SOLUTION. Neglecting, as above, the magnetic moment, we have from (92.1) 
E’ = (w?/c*R)(n x PY) Xn. 


€ required depolarizing factor is given by the ratio of the principal values of the two-dimensional tensor Ip 
CE E *), where the brackets denote an averaging Over orientations of the scattering particle for a given 
fection of scattering n, and the suffixes a and £ take two values in the plane perpendicular to n (see Fields, §50). It 
More convenient, however, to average the three-dimensional tensor #, Y,* and then project it on the plane 
fpendicular to n; these components of the tensor < Y,,*) are proportional to the corresponding 
Mponents /,,. Substituting A; = a,, E,, we have 

CPP SD = (01m DE Em". 

electing the averaging we use the formula 

Atr" > = Abn jm + BO 51m + Oimn) 


IS is the most general tensor of rank four which is symmetrical in i, l and k, mand contains only scalar constants. 


es - Constants are determined from two equations obtained by contracting the tensor, firstly with respect to i, I 
dk, m, secondly with respect to i, k and |, m. They are 


A = —(24;044* — 03,04"), 
15 kk Klik) 


B= oe ~ Ayk"). 


in a linearly polarized wave, the field amplitude E (we omit the time factor e~ ™®!) can always be defined so as to 
Teal. Then we have 






< P P,*> = (A+ B)E,E, + BS, E?. (1) 


t the z-axis be in the direction of n, and the xz-plane contain the directions of n and E; these axes are the 
NCipal axes of the tensor 1 . Taking the appropriate components of the tensor (1), we find the depolarizing 
tor 1,/I, = B/[ (A + B) sin*@+B], where 6 is the angle between E and n. 
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PROBLEM 2. Determine the cross-section for scattering by a sphere with radius a, for which £ is large; it is 
assumed that A> a ~ 6. 


SOLUTION. The problem of calculating the magnetic moment acquired by a sphere with given € (and u = 1)in 
a variable magnetic field H is the same as that solved in §59, Problem 1, except that k in the formulae derived there 
must be replaced by w Ri e/c. Thus M = —a*yH, where 


1 3 3 
y =-\ 1 +— cot ka— : 
2 ka (ka)? 


When |kal < 1, y = — (ka)?/30; when |ka| > 1, cot ka > — i and y = 4(1 — 3i/ka). 

The electric moment can be calculated, in the first approximation with respect to 1/e, as simply the moment of a 
conducting (£ > œ) sphere in a uniform static electric field: P = oE. 

Taking into account the fact that E and H are perpendicular, we have after a simple calculation. using (92.1), the 
following formula for the scattering cross-section: 





da = (a°w*/c*) {|p|? cos? $ + sin? ġ — (y +*) cos $+ cos” S (cos? ¢ + |y|? sin? ġ)} do, 
where ¢ and $ are the angles shown in Fig. 47. In scattering of unpolarized light we have 
do = (a®o*/c*) {4 [1 + ly|?] [1 + 00s? 9]— (y +7*) cos $} do, 


and the degree of depolarization of the scattered light is J,/7, = |(y — cos 9)/(1 — y cos 9)|?. The total scattering 
cross-section is e = 87a°a* (1 + |y|7)/3c*. 
In the limit ka > œ (i.e. when 1 > a> 5) we have y = 4, corresponding to scattering by a perfectly reflecting 
sphere into which neither the electric nor the magnetic field penetrates. The differential scattering cross-section is 
5a°w* 
do = (1 + cos? & — Scos#)do. 


&c* 





Note that the angular distribution is highly asymmetrical about the plane 9 = ia: the scattering is ma‘nly 
backward, the ratio of forward and backward scattered intensities being 1:9. 


§93. The absorption of electromagnetic waves by small particles 


The scattering of electromagnetic waves by particles is accompanied by absorption. The 
absorption cross-section is given by the ratio of the mean energy Q dissipated in a particle 
per unit time to the incident energy flux density. To calculate Q we can use the formula 








Q= —£P-E-M-§, (93.1) 


where P and . are the total electric and magnetic moments of the particle, and the 
external fields € and § are replaced by the fields E and H in the scattered wave; cf. (59.11). 
Using the complex representation of quantities, we can write (see the last footnote 
to §59) 
Q = —4re (P -È* +. M-H*) =40V (a. + am IED, 


where a and a, are the electric and magnetic polarizabilities of the particle. Dividing by the 
incident energy flux, we obtain 7) 
o = âro V (a, +4, c- (93.2 
Let us apply this formula to absorption by a sphere with radius a < 4, assuming it non- 
magnetic (u = 1). The nature of the absorption depends considerably on the magnitude o 
the permittivity. E 
If e is small, then we have both a < Aanda< ô. In this case the magnetic polarizability 
may be neglected in comparison with the electric polarizability. With the latter given 


(92.2), we have 3} 
o = 12nware” jc [(e +2)? +(e) J. (93.2! 
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If, on the other hand, |e| > 1, the electric part of the absorption becomes small, and the 
magnetic absorption may be important even if we still have 6 > a. When this last condition 
olds (i.e. |ka| < 1), the magnetic polarizability is «,, = (ka)? /40r = a?we/40nc? (see §92, 
Problem 2) and the absorption cross-section 1s 

12rwa?e" ( 1 wa? 
o = ——— : 


lel? Ee (93.4) 


c 
When c increases further, the electric part of the absorption becomes small compared 
with the magnetic part. In the limit ô < a (i.e. |ka| > 1) we have g„ = — 3/87 + 9i/8rka = 
— 3/8n +9ict/8ræwa, where ¢ = 1/ wh £ is the surface impedance of the sphere. Hence 


o = 6na? t. (93.5) 


ft may be noticed that this formula could have been obtained more directly, without using 
he general expression for the magnetic polarizability a,,(@) of the sphere. When ¢ is small, 
ihe energy dissipation Q can be calculated by integrating the mean Poynting vector (87.4) 
ver the surface of the sphere, the distribution of the magnetic field over the surface being 
iven by the solution (54.3) of the problem of a superconducting (¢ = 0) sphere in a 
Iniform magnetic field. 

Knowing the absorption cross-section of the sphere, we can immediately determine the 
ntensity of the thermal radiation emitted from the sphere. According to Kirchhoff’s law 
see SP 1, §63), the intensity d/ in a frequency range dw is given in terms of o(@) by 


dI = 4nco(w)e,(@) da, (93.6) 


yhere eo(w) = hw? /4x3c? [exp (hw/T) — 1]is the spectral density of black-body radiation 
er unit volume and unit solid angle. 


Diffraction by a wedge 


The ordinary approximate theory of diffraction (see Fields, §§59--61) is based on the 
Ssumption that the deviations from geometrical optics are small. It is thereby assumed, 
rstly, that all dimensions are large compared with the wavelength; this applies both to 
Imensions of bodies (screens) or apertures and to distances of bodies from the points of 
mission and observation of the light. Secondly, only small angles of diffraction are 
P sidered, i.e. the distribution of light is examined only in directions close to the edge of 
5 geometrical shadow. Under these conditions, the actual optical properties of the 
stances involved are of no importance; all that matters is that they are opaque. 

f f these conditions are not fulfilled, the solution of the diffraction problem requires an 
pct Solution of the wave equation, taking into account the appropriate boundary 
d ditions on the surfaces of the bodies, which depend on their properties. The finding of 
ch Solutions offers exceptional mathematical difficulties, and has been effected for only a 
all number of problems. A simplifying assumption is usually made concerning the 
Operties of the body at which the diffraction occurs, namely that it is perfectly 
Nducting. and therefore perfectly reflecting. 

L he following remark may be made here. It might seem reasonable to solve the 
Ufaction problem on the assumption that the surface of the body is “black”, i.e. 
Mpletely absorbs light incident on it. In reality, however, such an assumption concerning 
e body in stating the exact problem of diffraction would involve a contradiction. The 
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reason is that, if the substance of the body is strongly absorbing, the coefficient of reflection 
is not small but, on the contrary, almost unity (see §87)). Hence a reflection coefficient close 
to zero implies a weakly absorbing substance and a thickness of the body which is large 
compared with the wavelength. In the exact theory of diffraction, parts of the surface of the 
body at a distance from its edge of the order of the wavelength are necessarily of 
importance; but the thickness of the body near its edge is always small, so that the 
assumption that it is “black” is certainly untenable. 

Considerable theoretical interest attaches to the exact solution (A. Sommerfeld, 1894) of 
the problem of diffraction at the edge of a perfectly conducting wedge bounded by two 
intersecting semi-infinite planes. A complete exposition of the very complex mathematica] 
theory, which involves the use of special devices, is beyond the scope of this book. Here we 
shall give, for reference, the final results.t 

We take the edge of the wedge as the z-axis in a system of cylindrical polar coordinates 
r, @, z. The front surface (OA in Fig. 48) corresponds to ¢ = 0, and the rear surface (OB) 
to @ = y, where 2x — y is the angle of the wedge, the region outside it being 0 < ¢ < y. Leta 
plane monochromatic wave with unit amplitude be incident in the rd-plane on the front 
surface at an angle ġo to the surface; by symmetry, it is sufficient to consider angles 
do < $y. We shall distinguish two independent modes of polarization of the incident wave, 
and therefore of the diffracted wave also: the edge of the wedge (the z-axis) may be parallel 
to either E or H. The letter u will denote E, and H, respectively. 

The electromagnetic field is then given in all space by the formula (the time factor e *™™ 
being everywhere omitted) 


u(r, $) = v(r, $ — bo) + vlr, o + Go); (94.1) 


where the upper and lower signs correspond to the polarizations with E and H respectively 


Ptg 7 
\ 





. Fic. 48 


+ A detailed account of the calculations is given by A. Sommerfeld, Optics, Academic Press, New York. E 
P. Frank and R. von Mises, Differential and Integral Equations in Physics (Differential- und I ntegralgleichung 
der Physik), part 2, Chapter XX, 2nd ed., Vieweg, Brunswick. 1935. Another method of solution, due tO i of 
Kontorovich and N. N. Lebedev, is given by G. A. Grinberg, Selected Problems in the Mathematical Theory A | 
Electric and Magnetic Phenomena (Izbrannye voprosy matematicheskoi teorii élektricheskikh i magnuny 
yavienti), Chapter XXII, Academy of Sciences, Moscow, 1948. 
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, the z-direction, and the function v(r,\) is given by the complex integral 


1 d¢ 
= —ikrcos¢ 
orp) | e-treost —__ (94.2) 


C 


jere k = w/c. The path of integration C in the ¢-plane consists of the two loops C, and C, 
own in Fig. 49. The ends of these loops are at infinity in parts of the (-plane (shaded in 
g. 49) where im cos¢ < 0, and so the factor e—tkreost tends to zero at infinity. The 
tegrand in (94.2) has poles on the real ¢-axis at the points ¢ = — yw + 2ny, where n is any 
teger. The integration may be taken along a path D = D, +D, (Fig. 49) instead 
C, adding to the integral the residues of the integrand at the poles, if any, in the range 
g<C€<7. We write v as 

























vir, Y) = vo(r.W) + valr, yY), (94.3) 


jere v, is the integral (94.2) taken along the path D, and vg is the contribution from the 
sidues at these poles. Each pole gives rise to a term exp [ — ikr cos (w — 2ny)]1n vo, which 
presents either the incident wave or one of the waves reflected from the surface of the 
dge in accordance with the laws of geometrical optics. The function v, represents the 
fractive distortion of the wave. The field at distances from the edge of the wedge large 
mpared with the wavelength is of the greatest interest. When kr > 1, the asymptotic 
rmulay 
sin (17/7) 

vilr, y) = —_——— eit + 42) ______—_—_____ (94.4) 

: yJ (2nkr) cos (2?/y)— cos (x/y) 
lds, provided that the angle w satisfies the condition 
[cos (17/7) —cos (n4 /y) 7 > 1/kr. (94.5) 


The dependence on r of the function v,, and therefore of the field u(r, $) = vg(r,¢ — Go) 
Val, + Po). is given by a factor ek” vi r, ie. this field resembles a cylindrical wave 
itted by the edge of the wedge. 





The next terms in this asymptotic expansion have been given by W. Pauli. Physical Review 54, 924, 1938. 
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In the form given above, (94.1)-(94.5) are valid for any angles y and o- The more 
detailed discussion of these formulae will be effected on the assumption (for definiteness) 
that the angles ¢@, and y are so related (y > 7+) that, in geometrical optics, two 
boundaries are formed: the boundary Ob of the complete shadow (region III in Fig. 48) 
and the boundary Oa of the “shadow” of the wave reflected from the surface OA. In Fig 48 
bo < 42. If ġo > $2, the boundary Oa lies to the right of the direction of the incident wave 
If y < + Qo, there is no region of complete shadow, and reflection (single or multiple; 
takes place from both sides of the wedge. 

In regions I, II, III the function uo (r, $) = vo(r, $ — $o) F vor, $ + Po) has the following 
forms: 


Region I: i= e—ikrcos( — ¢o) F e—ikrcos (> +o). 
Region II: ug = e~iroos(— $0), (94.6) 
Region III: ug = 0. 


These expressions, which do not vanish as kr > œ, describe the incident (region II) or 
incident and reflected (region I) waves, undistorted by diffraction. The diffractive 
distortion of the field is given by formula (94.4), but the condition (94.5) ceases to hold 
when approaches r and the difference | — z| is no longer large compared with 1/ < (kr). 

The values y = 7 correspond to the geometrical boundaries of the shadow; for y = 
$ — ġo we have the boundary of the complete shadow, and for Y = $+ ĝo that of the 
shadow of the refiected wave. In the immediate neighbourhood of these values a different 
asymptotic expression must be used, which is valid if the inequality |y — z| < 1 holds. This 
condition, together with kr > 1, ensures the validity of the usual approximate theory of 
Fresnel diffraction. Accordingly we have near the boundary Ob of the complete shadow the 
asymptotic expression 


w 


1 a i - 3 i 
u(r, o) — Or ikr cos ($ — ġo) | el dy 5 
V Q7) (94.7) 


w = — ($ — po- 7) V Gkr). 


Similarly, near the boundary Oa of the shadow of the reflected wave 


w 


P 1 i i F 
— p—ikrcos ($ — $o) — ikr cos (b + ġo) e dn, 
Mede i (27) | : (948) 


~ 00 





w= —(6+¢9—/ Gkr). 


In this approximation the diffraction pattern is independent of the angle of the wedg 


of the direction of polarization of the wave. For 
The ranges of applicability of formulae (94.4) and (94.7), (94.8) partly over aE a 
example, near the boundary of the complete shadow the common range of applicabili y 


given by 
1> |¢-—¢5—21> 1/V (kr), F 


e and 
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nd in this range 


1 
ro) = krij ooo 4. 
O rarer war a (94.9) 


ith uo given by (94.6). This expression can be obtained from (94.7) by using the asymptotic 
ulae for the Fresnel integral with large |w|: 


f e? dn = (1 +i) / Gn) + e /2iw for w >Q, 


— © 


[ et’ dn = & /2iw for w < 0. 


§. Diffraction by a plane screen 

















The exact formula (94.2) for diffraction by a wedge can be brought to a comparatively 
mple form in the particular case of diffraction by a half-plane (y = 27). The complex 
tegral in (94.2) can be reduced to a Fresnel integral: 


w 


v(r, Wy) = e~ ilkrcosy +4n) | ein” dn, 


r (95.1) 


w = ,/(2kr) cos 4y. 


his formula holds for any values of rand Ņ. For kr > 1 and angles |y — n| > 1 pe (kr) the 
ymptotic expression 
1 
va(r,y) = — elke tan) — (95.2) 
i 2./(2nkr) cos 4 


rmula (94.4) with y = 27) holds. 

Jsing formula (95.2), the solution of the problem of diffraction by a plane perfectly 
| ducting screen of any shape can be obtained in closed form. The only assumptions are 
it the dimensions of the screen and the distance from it are large compared with the 
velength, and that the angles of diffraction are moderately large (this region overlaps the 
3 lon of small angles in which the ordinary Fresnel-diffraction formulae are valid). The 
llt is in the form of an integral along the edge of the screen, analogous to the expression 
th he diffraction field as an integral over a surface spanning the aperture in a screen, in the 
inary approximate theory. We shall not pause to give the calculations here. 

A the exact theory of diffraction by plane perfectly conducting screens, there is a 
rem (due to L. I. Mandelshtam and M. A. Leontovich) in some ways analogous to 
inet’s theorem in the approximate theory. 

| €t us consider a plane screen with an aperture of any shape, and take the plane of the 
enas z = 0. Let an electromagnetic wave be incident from the side z < 0, and let Eo, Ho 
he total fields in the incident wave and the wave which would be reflected from the 
en if there were no aperture. We assume the field continued beyond the screen (z > 0). 
e H, = 0, E, = 0 for z = O (by the boundary conditions at a perfectly conducting 
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surface), the values of E, and H, for z > 0 and z < O are related by 
E,,(x, y, Z) = Eo (x, y, —Z), Eo,(x, y, zZ) = —Eo,(x, y, — Z), l 
H,(x, y, Z) = —Ho.(x, y, — z), Ho: (x, y, Z) = Ho: (x, y, — 2). o 


Next, let E’ and H’ be the fields which would occur if a flat plate corresponding to the 
aperture in size, shape and position, and having infinite magnetic permeability, were placed 
in the field E,, Hy. Then the solution of the diffraction problem for the aperture in the 
screen is given by 


E=3(E,+E), H = (Ho +H’) forz <0, 
} (95.4) 


E=1(E,—-E), H=3}(H,—H’) forz>0. 


To show this, we notice that the fields E’, H’ have the same symmetry (expressed by 
formulae (95.3)) as the fields Eo, Hp. They therefore satisfy on the plane z = 0 the 
conditions 


E’, = 0, H .=0 outside the aperture, 


zZ 


E’.,, = —-E,,., H = — H, on the aperture, 
the suffixes 1 and 2 corresponding to z > + 0. They also satisfy the further conditions 
E, = 0, H’, = 0 on the aperture, 


since the boundary conditions on the surface of a body with u = œ are obtained from 
those for a perfectly conducting body (e = 0) by interchanging E and H. Hence it is clear 
that the fields (95.4) satisfy the necessary conditions E, = 0, H, = 0 on the surface of the 
screen (z > — 0) outside the aperture, and are continuous on the aperture. Finally, since E, 
H’ tend to E, Ho, at infinity, the fields (95.4) tend to Ey, Ho 4 
z > — œ and to zero as z > + ©. They therefore satisfy all the conditions of the problem. 
This proves the theorem. i 

Thus the problem of diffraction by an aperture in a screen with £ = œ is equivalent to å 
problem of diffraction by a complementary screen with u = œ. 


PROBLEMS ` 


g plane 


PROBLEM 1. A plane monochromatic wave is incident normally on a slit cut in a perfectly conductin light 


screen, the width 2a of the slit being large compared with the wavelength. Determine the distribution © 
intensity beyond the slit, at large distances from it and for large angles of diffraction. 


SOLUTION. For a> A, the diffraction field beyond the slit can be regarded as a superposition of fields oo 
from independent diffraction at each of the two edges of the slit and determined by means of the asymp a 
formula (95.2).t When the distances AP = r, and BP = r, from the edges of the slit to the point of obse d 
(Fig. 50) are large compared with a, we can put, in the factors e*”: and e2, r, = r—asin y. r, =r +4 si a FA 
elsewhere r, = r, = r; the angles between the z-axis and AP, OP, BP can all be taken as the ang!e of diffrac 

The result is 








eilkr +40) = (ka sin x) " _cos (ka sin Dt 
u= -i e a ae 
J (2nkr) sin 47 coshx 


yt 






+ This assumption becomes invalid, however, for diffraction angles sufficiently close to $x (when 


< 1/./(ka)). 
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Fic. 50 














nce the intensity of light diffracted into an angle dy is (relative to the total intensity of light incident on the slit) 


ape l sin (ka sin ar P ke (ka sin an A 
Anka sin 4y cos 4x 
ES aie eee i uy) | COSY + a l dy. 
kasin x [2ka cos $x] 


‘small y this expression becomes the formula for Fraunhofer diffraction by the slit: 





ris 


1 sin?k 
al _ i sin i 
tka x 





ROBLEM 2. A plane wave is incident on a perfectly conducting plane with a circular aperture whose radius a 
all compared with the wavelength. Determine the intensity of diffracted light passing through the aperture 


4 


OLUTION. As stated above. this problem is equivalent to that of diffraction by a circular disc with p = œ, 
since a < 4, we have the case of scattering by a small particle. According to §92, in order to solve the latter 
lem it is necessary to determine the static electric and magnetic polarizabilities of the disc. The field Ep is 
endicular to the plane of the disc. and the boundary condition E', = Ois formally identical with the condition 
€ctrostatics at the boundary of a body with £ = 0. The field Hg is parallel to the disc, and the boundary 
uit on H’,=0 corresponds to a magnetostatic problem with u = œ. Hence the electric and magnetic 
dents of the disc are (see §4. Problem 4. and §54. Problem) P = — 2a°E,/3n,. = 4a°Ho/3z. In going to the 
lem of diffraction by an aperture we must, in accordance with formulae (95.4), divide these expressions by 2 
nen substitute them in the scattering formula (92.1). 

lus the intensity of radiation diffracted into a solid angle do ist 


c ata® 
dl = TEET {n XE, — 2n x (H, xn)}? do 
ko ENT RO i 5 


Otal diffracted intensity is obtained by integration over a hemisphere, and is 


co* a® 
en + 4H0°) 


iffraction cross-section may be defined as the ratio of the intensity of diffracted radiation to the energy flux 
y in the incident wave cE 2/An (letters without suffixes refer to the incident wave). Two modes of 
zation of the incident wave may be distinguished: 


he factor e~ is omitted: E and H are real. 
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(a) the vector Ein the incident wave is perpendicular to the plane of incidence (the xz-plane), i.e. it is parallel to 
the plane of the screen (the xy-plane). The sum of tthe fields in the incident and reflected waves at the surface of the 
screen 1S 


E,=0, Hox = 2H cosa = 2E cos « 
(a being the angle of incidence). Hence 


F 16afwt 
g = 
On? ct 





cos?a (1— sin? 3 cos? $) do, 
where 9 is the angle between the direction of diffr action n and the normal to the screen (the z-axis), and ¢ is the 
azimuth of the vector n with respect to the plane of incidence. The total cross-section is 

o = (64 w*a®/27xc*)cos? a. 


(b) the vector E lies in the plane of incidence. Then Ey = Eo, = —2E sin a, Hy = Ho, = 2H = 2E. The 
differential cross-section is 


16a°w* 





do = On? c4 {cos? 9 + sin? Q (cos?¢ +4 sin? «)—sin 9 sin a cos ¢} do, 

nC 

and the total cross-section is ¢ = (64a°w*/27nc* )(1 +4 sin? a). 
For natural incident light o = (64a°w*/27nc*) (1 —3sin? a). 





CHAPTER XI 


ELECTROMAGNETIC WAVES IN 
ANISOTROPIC MEDIA 


96. The permittivity of crystals 


HE properties of an anisotropic medium with respect to electromagnetic waves are 
efined by the tensors £; (@) and H; (@), which give the relation between the inductions and 
ie fields:} 

D; = &(@)E,, B; = pa (0)H,- (96.1) 


i what follows we shall, for definiteness, consider the electric field and the tensor ¢,,; all the 
ssults obtained are valid for the tensor p; also. 

As œ — 0, the £, tend to their static values, which have been shown in §13 to be 
mmetrical with respect to i and k. The proof was thermodynamical, and therefore holds 
aly for states of thermodynamic equilibrium. In a variable field, a substance is of course 
Ot in equilibrium, and the proof in §13 is consequently invalid. To ascertain the properties 
[the tensor £ we must use the generalized principle of the symmetry of the kinetic 
efficients (see SP 1, §125). 

The generalized susceptibilities «,, (a) which appear in the formulation of this principle 
€ defined in terms of the response of the system to a perturbation: 


V = = Neil, (t) 


here the x, are quantities describing the system) and are the coefficients in the linear 
‘ation between the Fourier components of the mean values X,(t) and the generalized 


rces f, (t): 





















Xoo = Aab (O)ho- 

€ Change in the energy of the system with time under the perturbation is given by 
U = — f Xa: 

COrding to the symmetry principle, 

Xan (©) = Qpa (0), 


ne System is not in an external magnetic field and has no magnetic structure; otherwise, 
(w) has to be taken for the “time-reversed” system. 

tis easy to relate the components of the tensor ¢,, (œ) to the generalized susceptibilities. 
do so, we note that the rate of change of the energy of a dielectric body in a variable 


: t should be recalled that these quani refer to the variable fields in the wave; the possible presence of a 
tant induction (in a pyroelectric or ferromagnetic crystal) is irrelevant to this discussion. 





o 
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electric field is given by the integral 


1p Day 
Ån Ct (96.2) 


A comparison with the above formulae shows that, if the components of the vector E at 
each point are taken as the quantities X,, the corresponding quantities f, will be the 
components of D. (The suffix a takes a continuous series of values, labelling both 
the components of the vectors and the points in the body.) The coefficients «,, are then the 
components of the tensor £~ ';,. The symmetry properties of £; are, of course, identical 
with those of its inverse. Since E and D are multiplied in (96.2) only at the same point in the 
body, the interchange of the suffixes a and b is equivalent to simply interchanging the 
tensor suffixes. We thus conclude that the tensor £;, is symmetrical: t 


Ei, (@) = Exi (0). (96.3) 


It should be noted that the components of the polarizability tensor for the whole body, 
ie. the coefficients in the equations P; = Va,,€,, also come under the definition of 
generalized susceptibilities. For the rate of change of the energy of a body placed in a 


variable external field © is 
— PAG /dt. (96.4) 


Hence we see that, if the x, are the three components of the vector #, then the 
corresponding f, are those of the vector ©, so that the coefficients «,, are in this case Faig. 

Several of the formulae derived previously for an isotropic medium can be airectly 
generalized to the anisotropic case. Repeating for the anisotropic case the derivation in §80, 
we find that the energy dissipation in a monochromatic electromagnetic field is 


a i Cs -iu JEE T (rat E pu JHM), (96.5) 
T 


which is analogous to (80.5). The condition that absorption be absent isc,,.* = Epi = Eik 
the ¢,, must be real, as must the Hi,- 

When absorption is absent, the internal electromagnetic energy per unit volume 
can be defined as shown in §80. The formula for an anisotropic medium corresponding 
to (80.11) is y 


— ] d d 
U = alae (we, JE,E,* iy (oma HH L- (96.6) 


a 3 5 ‘ue 6 
In §87 we used the surface impedance ¢, in terms of which the boundary conditions at A 
surface of a metal can be formulated even if the permittivity is no longer meaningful. At 
surface of an anisotropic body the boundary condition corresponding to (87.6) 18 
N 
E, = Cop (H x nN), ` (96 i 
in 
where C,,,(@) is a two-dimensional tensor on the surface of the body. It should be bol 
mind that the value of this tensor depends, in general, on the crystallographic directio 


the surface concerned. 










+ The properties of this tensor in the presence of an external magnetic field will be discussed in §101. 
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The energy flux into the body is (c/4z)E x H -n = (c/4z)E-H xn = (c/4n)E, (H Xn), . 
Here E and H are real.) Hence we see that if, in applying the principle of the symmetry of 
he kinetic coefficients, we take the components E, as the x,, then the corresponding f, will 
ye — (H Xn),,1.e.f, will be — (i/w)(H x n), (returning to the complex form). The coefficients 
yp are therefore the same, apart from a factor, as the components ¢,,, and we conclude that 


Cap TE oe (96.8) 


n the absence of an externa! magnetic field. 


PROBLEM 

Express the components of the tensor ¢,, in terms of those of nag = £~ gs assuming that the latter exists and 
jat the body is non-magnetic (Hip = 6,,). 
SOLUTION. Inan anisotropic medium, the equation ¢* = 1/e (87.2) becomes C,,¢,p = Hap- In components this 
ves 

kia +0201 = 11 t22 +0 12621 = N22; 

Ciz +622) = M2, 9 Oa Cry +622) = 121- 
he solution of these equations is 

C12 = 12/6, C21 = M21 /6, 
ii = Mi +V (111022 — 12121) VE, Co2 = [22 +f (1122—1221) W/E, 
E? = i t+n22t 2/ (mn 1922 — 11221). 


he choice of signs is determined by the condition that the absorption of energy must be positive. We do not 
‘sume Ç,- = (,,, and thereby allow for the presence of an external magnetic field. 


17. A plane wave in an anisotropic medium 





















In studying the optics of anisotropic bodies (crystals) we shall take only the most 
Portant case, where the medium may be supposed non-magnetic and transparent in a 
ven range of frequencies. Accordingly, the relation between the electric and magnetic 
Ids and inductions is 

D; = £r Ep B = H. CE 


l€ components of the dielectric tensor £; are all real, and its principal values are positive. 
Maxwell’s equations for the field of a monochromatic wave with frequency œ are 


ioH = ccurl E, iwD = —ccurlH. (97.2) 


a plane wave propagated in a transparent medium all quantities are proportional to 
> With a real wave vector k. Effecting the differentiation with respect to the coordinates, 
Obtain 

wH/c = kxE, oD/c= —kxH. (97.3) 


dence we see, first of all, that the three vectors k, D, H are mutually perpendicular. 
reover, H is perpendicular to E, and so the three vectors D, E, k, being all perpendicular 
1, must be coplanar. Fig. 51 (p. 334) shows the relative position of all these vectors. With 
pect to the direction of the wave vector, D and H are transverse, but E is not. The 
gram shows also the direction of the energy flux S in the wave. It is given by the vector 
duct E x H, i.e. it is perpendicular to both Eand H. The direction of S is not the same as 
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that of k, unlike what happens for an isotropic medium. Clearly the vector S is coplanar 
with E, D and k, and the angle between S and k is equal to that between E and D 
We can define a vector n by 
k = wn/c. (97.4) 


The magnitude of this vector in an anisotropic medium depends on its direction, whereasin 
an isotropic medium n = Yi e depends only on the freguency.t Using (97.4), we can write 
the fundamenta! formulae (97.3) as 


H = nxE, D = —nXH. (97.5) 
The energy flux vector in a plane wave is 
S = cE x H/4r = (c/4n){E7n—(E-n)E}; (97.6) 


in this formula E and H are real. 
So far we have not used the relation (97.1) which involves the constants £;, characterizing 

the material. This relation, together with equations (97.5), determines the function œ(kl. 
Substituting the first equation (97.5) in the second, we have 


D =nx(EXn) = n7E—(n-E)n. (97.7) 


If we equate the components of this vector to £E, in accordance with (97.1), we obtain 
three linear homogeneous equations for the three components of E: n? E; — njn, Ey, = Si 


or 
— F = 78 


‘ , x ents 
The compatibility condition for these equations is that the determinant of their coefficien 
should vanish: 19) 


s : z the 
In practice, this determinant is conveniently evaluated by taking as the axes of * e 
principal axes of the tensor £; (called the principal dielectric axes). Let the principa 
of the tensor be e, £”, s@. Then a simple calculation gives 


n? (2 n? ze en ? sg n,7) i. m e (£9 ae e®)) 


97.10) 
j n,? g0) (e ie e2) =m n,? g2 (E +E) ]+ ee — 0. ( 


> : - on to the 
+ The magnitude n is still called the refractive index, although it no longer bears the same simple relatio 
law of refraction as in isotropic bodies. 
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The sixth-order terms cancel when the determinant is expanded: this is, of course, no 
accident and is due ultimately to the fact that the wave has two, not three, independent 
directions of polarization. 

Equation (97.10), called Fresneľs equation, is one of the fundamental equations of 
crystal optics.t It determines implicitly the dispersion relation, Le. the frequency as a 
function of the wave vector. (The principal values e“ are functions of frequency, and so are, 
in some cases (see §99), the directions of the principal axes of the tensor £.) For 
monochromatic waves, however, œ, and therefore all the e, are usually given constants, 
and equation (97.10) then gives the magnitude of the wave vector as a function of its 
direction. When the direction of n is given, (97.10) is a quadratic equation, for n, with real 
coefficients. Hence two different magnitudes of the wave vector correspond, in general, to 
each direction of n. 

Equation (97.10) (with constant coefficients e) defines in the coordinates n,, n,, n, the 
“wave-vector surface”.t In general this is a surface of the fourth order, whose properties 
will be discussed in detail in the following sections. Here we shall mention some general 
properties of this surface. 

We first introduce another quantity characterizing the propagation of light in an 
anisotropic medium. The direction of the light rays (in geometrical optics) is given by the 
group velocity vector 6w/Ck. In an isotropic medium, the direction of this vector is always 
the same as that of the wave vector, but in an anisotropic medium the two do not in general 
coincide. The rays may be characterized by a vector s, whose direction is that of the group 
velocity, while its magnitude is given by 


n-s=l. (97.11) 


We shall call s the ray vector. Its significance is as follows. 

Let us consider a beam of rays (of a single frequency) propagated in all directions from 
some point. The value of the eikonal y (which is, apart from a factor œ/c, the wave phase; 
see §85) at any point is given by the integral f n -d1 taken along the ray. Using the vector s 
which determines the direction of the ray, we can put 


y = In-dl = ((n-s/s)dl = fdl/s. (97.12) 


In a homogeneous medium, s is constant along the ray, so that y = L/s, where L is the 
length of the ray segment concerned. Hence we see that, if a segment equal (or 
proportional) to s is taken along each ray from the centre, the resulting surface is such that 
the phase of the rays is the same at every point. This is called the ray surface. 

The wave-vector surface and the ray surface are in a certain dual relationship. Let the 
equation of the wave-vector surface be written f(@, k) = 0. Then the group velocity 
vector is 

= = — one (97.13) 
ok Of / w 
ie. is proportional to ĝf/ðk, or, what is the same thing (since the derivative is taken for 
constant w), to 6f/én. The ray vector, therefore, is also proportional to ôf/ôn. But the vector 


+ The foundations of crystal optics were laid by A. J. Fresnel in the 1820s, on the basis of mechanical analogies, 
long before the development of the electromagnetic theory. 

t Aconcept called the “surface of normals” or “surface of indices” has been used; it is obtained by taking a 
point at a distance 1/n (instead of n) in each direction, but is less convenient. 
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ôf/ðn is normal to the surface f = 0. Thus we conclude that the direction of the ray vector of 
a wave with given n is that of the normal at the corresponding point of the wave-vector 
surface. 

It is easy to see that the reverse is also true: the normal to the ray surface gives the 
direction of the corresponding wave vectors. For the equation sôn = 0, where ôn is an 
arbitrary infinitesimal change in n (for given œ), ie. the vector of an infinitesimal] 
displacement on the surface, expresses the fact that s is perpendicular to the wave-vector 
surface. Differentiating (again for given œw) the equation n-s = 1, we obtain n-ds+S-dn 
= 0, and therefore nôs = 0, which proves the above statement. 

This relation between the surfaces of n and s can be made more precise. Let ng be the 
position vector of a point on the wave-vector surface, and s, the corresponding ray vector. 
The equation (in coordinates n,,n,,n,) of the tangent plane at this point is Sp * (n — Ng ) = 0, 
which states that sọ is perpendicular to any vector n— nọ in the plane. Since Sọ and ng are 
related by Sọ 'nọ = 1, we can write the equation as 


son= 1. (97.14) 


Hence it follows that 1/s, is the length of the perpendicular from the origin to the tangent 
plane to the wave-vector surface at the point no. 

Conversely, the length of the perpendicular from the origin to the tangent plane to the 
ray surface at a point Sọ is 1/no. 

To ascertain the location of the ray vector relative to the field vectors in the wave, we 
notice that the group velocity is always in the same direction as the (time) averaged energy 
flux vector. For let us consider a wave packet, occupying a small region of space. When the 
packet moves, the energy concentrated in it must move with it, and the direction of the 
energy flux is therefore the same as the direction of the velocity of the packet, i.e. the group 
velocity. It can be demonstrated from (97.5) that the group velocity is in the same direction 
as the Poynting vector. Differentiating (for given œ), we obtain 


ôD =ôHxn+Hxôn, SdH =nxdE+6nxE. (97.15) 
We take the scalar product of the first equation with E and of the second with H, obtaining 
E-6D = H:6H+E*XH-on. H -ôH = D-6E+EXH-on. 
But D -ôE = ¢,,E,6E, = E-dD, and so, adding the two equations, we have 
ExH-ôn = 0, (97.16) 


ie. the vector E xH is normal to the wave-vector surface. This is the required result-1 
Since the Poynting vector is perpendicular to H and E, the same 1s true of s: 


s°‘H = 0, s‘E=0. (97.17) 
A direct calculation, using formulae (97.5), (97.11) and (97.17), gives 
H = sxD. = —s xH. (97.18) 


For example, sx H = sx(nXE) = n(s-E)—E(n-s) = —E. 


+ The result thus obtained relates to the instantaneous, as well as to the average, energy flux. In this prog 
however, the symmetry of the tensor £; is vital. The result is therefore not valid in the above form for media | 
which £; is not symmetrical (gyrotropic media, §101). The statement is still valid, however, for the average valu? 
the Poynting vector (§101, Problem 1). 
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Jf we compare formulae (97.18) and (97.5), we see that they differ by the interchange of 
E and D, nands, ¢,ande', (97.19) 































{the relation n-s = 1 remaining valid, of course). The last of these pairs must be included in 
order that the relation (97.1) between D and E should remain valid. Thus the following 
us eful rule may be formulated: an equation valid for one set of quantities can be converted 
into one valid for another set by means of the interchanges (97.19). 

Jn particular, the application of this rule to (97.10) gives immediately an analogous 
equation for s: 

s2 ( gD) pf) s 4 Eee Fa + eg Se ) 


— [s (69 +EP) + 5,7 (E +e) + 57 (& +) ]+1=0. (97.20) 


This equation gives the form of the ray surface. Like the wave-vector surface, it 1s of the 
fourth order. When the direction of s is given, (97.20) is a quadratic equation for s*, which 
in general has two different real roots. Thus two rays with different wave vectors can be 
propagated in any direction in the crystal. 

Let us now consider the polarization of waves propagated in an anisotropic medium. 
a (97. 8), from which Fresnel’s equation has been conker are unsuitable for this, 


| a use for the time OEA a new coordinate system with one axis in the direction of the wave 
Vector, and denote the two transverse axes by Greek suffixes, which take the values 1 and 2. 
The transverse components of equation (97.7) give D, = n’E,; substituting E, = £~ *,g Dp, 
‘Where € * p is a component of the tensor inverse to £g, we have 





1 i 
(5 a i) peo) (97.21) 


i he condition for the two equations (a = 1, 2) in the two unknowns D,, D, to be 
““ompatible is that their determinant should be zero: 


det |n~25,5—€7 Lgl = 0. (97.22) 


4 ank two £~ a According to general theorems it follows that these two vectors are 

Tpendicular. Thus, in the two waves with the wave vector in the same direction. the 

c tric induction vectors are linearly polarized in two perpendicular planes. 

x uations (97.21) have a simple geometrical interpretation. Let us draw the tensor 

Psoid corresponding to the tensor £~ ';,, returning to the principal dielectric axes, i.e. the 
| x2 2 2 


4 i Z 
e ae T d z0 ag oT 1 (97.23) 


S. 52, p. 338). Let this ellipsoid be cut by a plane through its centre perpendicular to the 
ên direction of n. The section is in general an ellipse; the lengths of its axes determine 
values of n, and their directions determine the directions of the oscillations, i.e. the 
ors D. 
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From this construction (with, in general, e™, £®, £® different) we see at once that, if the 
wave vector is in (say) the x-direction, the directions of polarization ( D) will be the y and z 
directions. If the vector n lies in one of the coordinate planes, e.g. the xy-plane, one of the 
directions of polarization is also in that plane. and the other is in the z-direction. 

The polanzations of two waves with the ray vector in the same direction have similar 
properties. Instead of the directions of the induction D, we must now consider those of the 
vector E, which is transverse to s, and equations (97.21) are replaced by the analogous 
equations 


1 
( aoar as )Es =Q. (97.24) 


The geometrical construction is here based on the tensor ellipsoid 
EkXiXp = Ex? + y? eaz = 1, (97.25) 


corresponding to the tensor £; itself (called the Fresnel ellipsoid). 

It should be emphasized that plane waves propagated in an anisotropic medium are 
linearly polarized in certain planes. In this respect the optical properties of anisotropic 
media are very different from those of isotropic media. A plane wave propagated in an 
isotropic medium is in general elliptically polarized, and is linearly polarized only in 
particular cases. This important difference arises because the case of complete isotrepy of 
the medium is in a sense one of degeneracy, in which a single wave vector corresponds tO 
two directions of polarization, whereas in an anisotropic medium there are in general tw 
different wave vectors (in the same direction). The two linearly polarized waves pro- 
pagated with the same value of n combine to form one elliptically polarized wave. 


PROBLEM 


ee > ic axes- 
Express the components of the ray vector s in terms of the components of n along the principal dielectric 


: 3 i 2 n; and 
SOLUTION. Differentiating the left-hand side of the equation f(n) = 0 (97.10) with respect ee the 
determining from the condition n-s = 1 the proportionality coefficient between s; and ĝf/ĉn,, we © 
following relations between the vectors s and n: 
s Ped) (e® 4 £) = Ze nt — (e mi en? EN (e™ + en? 
n ME 122 + 6) —n, 26 + 6) — 2H) 4 gO), 
x 


and similarly for s,, s,. 
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§98. Optical properties of uniaxial crystals 


The optical properties of a crystal depend primarily on the symmetry of its dielectric 
tensor ¢,,. In this respect all crystals fall under three types: cubic, uniaxial and biaxial (see 
§13). In a crystal of the cubic system ¢,, = 66,,, i.e. the three principal values of the tensor 
are equal, and the directions of the principal axes are arbitrary. As regards their optical 
properties, therefore, cubic crystals are no different from isotropic bodies. 

The uniaxial crystals include those of the rhombohedral, tetragonal and hexagonal 
systems. Here one of the principal axes of the tensor e, coincides with the threefold, 
fourfold or sixfold axis of symmetry respectively; in optics, this axis is called the optical axis 
of the crystal, and in what follows we shall take it as the z-axis, denoting the corresponding 
principal value of £, by e. The directions of the other two principal axes, in a plane 
perpendicular to the optical axis, are arbitrary, and the corresponding principal values, 
which we denote by € 1, are equal. 

If in Fresnel’s equation (97.10) we put e = e = ¢,, P = g, the left-hand side is a 
product of two quadratic factors: 














(n? —e,)[eyn,? +e (n, +n, )— E£] = 0. 
In other words, the quartic equation gives the two quadratic equations 


i ee (98.1) 


2 2 2 
de Mage LL eat (98.2) 
El Ey 
Geometrically, this signifies that the wave-vector surface, which is in general of the fourth 
Order, becomes two separate surfaces, a sphere and an ellipsoid. Fig. 53 shows a cross- 
section of these surfaces. Two cases are possible: if £} > £} the sphere lies outside the 
ellipsoid, but if e, < €, 1t hes inside. In the first case we speak of a negative uniaxial crystal, 
and in the second case of a positive one. The two surfaces touch at opposite poles on the 
axis. The direction of the optical axis therefore corresponds to only one value of the 
Ave vector. 


> ray surface is similar in form. By the rule (97. 19), its equation is obtained from (98.1) 
ind (98.2): 


s? == Vei (98.3) 
61S," +E + 5,7) = 1. (98.4) 
ve + 





Fic. 53 
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In a positive crystal the ellipsoid lies within the sphere, and in a negative one outside. 

Thus we see that two types of wave can be propagated in a uniaxial crystal. With respect 
to one type, called ordinary waves, the crystal behaves like an isotropic body with refractive 
index n = d £. The magnitude of the wave vector is wn/c whatever its direction, and the 
direction of the ray vector is that of n. 

In waves of the second type. called extraordinary waves, the magnitude of the wave 
vector depends on the angle @ which it makes with the optical axis. By (98.2) 

1  sin?@ ~~ cos?6 


n? Ey E; e 08.5) 








The ray vector in an extraordinary wave is not in the same direction as the wave vector, but 
is coplanar with that vector and the optical axis, their common plane being called the 
principal section for the given n. Let this be the zx-plane; the ratio of the derivatives of 
the left-hand side of (98.2) with respect to n, and n, gives the direction of the ray vector: 
s/s, = &,n,,/€\n,. Thus the angle 6’ between the ray vector and the optical axis and the 
angle 0 satisfy the simple relation 


tan 0’ = (£, /e,)tané. (98.6) 


The directions of n and sare the same only for waves propagated along or perpendicular to 
the optical axis. 

The problem of the directions of polarization of the ordinary and extraordinary waves is 
very easily solved. It is sufficient to observe that the four vectors E, D, s and n are always 
coplanar. In the extraordinary wave sand nare not in the same direction, but lie in the same 
principal section. This wave is therefore polarized so that the vectors E and D lie in the 
same principal section as s and n. The vectors D in the ordinary and extraordinary waves 
with the same direction of n (or E, with the same direction of s) are perpendicular. Hence 
the polarization of the ordinary wave is such that E and D lie in a plane perpendicular to 
the principal section. i À 

An exception is formed by waves propagated in the direction of the optical axis. In this 
direction there is no difference between the ordinary and the extraordinary wave, and so 
their polarizations combine to give a wave which is, in general, elliptically polarized. 

The refraction of a plane wave incident on the surface of a crystal is different from 
refraction at a boundary between two isotropic media. The laws of refraction and reftection 
are again obtained from the continuity of the component n, of the wave vector which 1S 
tangential to the plane of separation. The wave vectors of the refracted and reflected waves 
therefore lie in the plane of incidence. In a crystal, however. two different refracted waves 
are formed, a phenomenon known as double refraction or birefringence. They correspon 
to the two possible values of the normal component n,, which satisfy Fresnel’s equation f or 
a given tangential component n,. It should also be remembered that the observed direction 
of propagation of the rays is determined not by the wave vector but by the ray vector $- 
whose direction is different from that of n and in general does not lie in the plane 9 
incidence. 

In a uniaxial crystal, ordinary and extraordinary refracted waves are formed. = 
ordinary wave is entirely analogous to the refracted wave in isotropic bodies; in partici- 
lar its ray vector (which is in the same direction as its wave vector) lies in the plane of 1n@ 
dence. The ray vector of the extraordinary wave in general does not lie in the plane © 
incidence. 
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PROBLEMS 


PROBLEM 1. Find the direction of the extraordinary ray when light incident from a vacuum is refracted ata 
surface of a uniaxial crystal which is perpendicular to its optical axis. 


SOLUTION. In this case the refracted ray lies in the plane of incidence, which we take as the xz-plane, with the 


z-axis normal to the surface. The x-component of the wave vector n, = sin 9 (9 being the angle of incidence) is 
continuous; the component n, for the refracted wave is found from (98.2): 


vhere 9‘ is the angle of refraction. 


PROBLEM 2. Find the direction of the extraordinary ray when light is incident normally on a surface of a 
niaxial crystal at any angle to the optical axis. 


SOLUTION. The refracted ray lies in the xz-plane, which passes through the normal to the surface (the z-axis) 


nd the optical axis. Let « be the angle between these axes. The ray vector s, whose components are proportional 
9 the derivatives of the left-hand side of equation (98.2) with respect to the corresponding components of n, is 


roportiona! to 
n 1! 1 
— +n-a(2—*), 
Ey EL Ey 


here 1 is a unit vector in the direction of the optical axis. In the present case the wave vector nis in the z-direction, 
> that 








‘ 1 1 sin?7a cos? a 
S, X cos asinal — — — |}, So 
E€ E Ey Ei 
e we find 


S E,— E€; }sin 2a 
tan 9 = ~ = (€1~ £1) 


S, E+E, + (€)—£,) 008 20° 
39. Biaxial crystals 


In biaxial crystals the three principal values of the tensor ¢;, are all different. The crystals 
) the triclinic, monoclinic and orthorhombic systems are of this type. In those of the 
clinic system, the position of the principal dielectric axes is unrelated to any specific 
ystallographic direction; in particular, it varies with frequency, as do all the components 

In crystals of the monoclinic system, one of the principal dielectric axes is 
y Stallographically fixed; it coincides with the twofold axis of symmetry, or is per- 
Mdicular to the plane of symmetry. The position of the other two principal axes depends 
l the frequency. Finally, in crystals of the orthorhombic system, the position of all three 


incipal axes is fixed: they must coincide with the three mutually perpendicular twofold 
€S of symmetry. 
The study of the optical properties of biaxial crystals involves the consideration of 


€snel’s equation in its general form. We shall assume for definiteness that 
EM) < g < gl). 


To ascertain the form of the fourth- 
gin by finding its intersections with t 


(99.1) 


Order surface defined by equation (97.10), let us 
he coordinate planes. Putting n, = O in equation 
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(97.10), we find that the left-hand side is the product of two factors: 
(n? E ec) (en,? a en? ee gO) g0) —(). 


Hence we see that the section by the xy-plane consists of the circle 


n? = g” (99.2) 
and the ellipse 
n? n? 
zo 3) =, (99.3) 


and by the assumption (99.1) the ellipse lies inside the circle. Similarly we find that the 
sections by the yz and xz planes are also composed of an ellipse and a circle; in the yz-plane 
the ellipse lies outside the circle, and in the xz-plane they intersect. Thus the wave-vector 
surface intersects itself, and is as shown in Fig. 54, where one octant is drawn. 





Fic. 54 





: e 
This surface has four singular points of self-intersection, one in each quadrant of th 


xz-plane. The singular points of a surface whose equation is f (nx, My, 1,) = 0 are given a 
the vanishing of all three first derivatives of the function f. Differentiating the left-hand SI 
of (97.10), we obtain the equations 


2 2 
; ) 
n, fe (e 42) — E” n2 — (en, + en? + en?) ] = 0, (99.4 


2 . A 
n, [et (ge 4 5%) Eia pl) Des (EHn? te UAT = g2 n, ) ] =a 0; 


the equation (97.10) itself must, of course, be satisfied also. Since we know that the require! 


directions of n lie in the xz-plane, we put n, = 0, and the two remaining equations g^" 
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jmmediatelyt 


2 EP (g0) en e°) ol g0 (eP — E™) 


n — SS R e 
x g2 pan g0 : Zz g2) ea g0 


(99.5) 


| 
The directions of these vectors n are inclined to the z-axis at an angle B such that 


n, EP (E9) = E0) 
= +tanp= + 6) (g@ — gO) (99.6) 


Z 


his formula determines lines in two directions in the xz-plane, each of which passes 
hrough two opposite singular points and is at an angle £ to the z-axis. These lines are called 
he optical axes or binormals of the crystal; one of them is shown dashed in Fig. 54. The 
lirections of the optical axes are evidently the only ones for which the wave vector has only 
ne magnitude. 

The properties of the ray surface are entirely similar. To derive the corresponding 
prmulae, it is sufficient to replace n by s and € by 1/e. In particular, there are two optical ray 
xes or biradials, also lying in the xz-plane and at an angle y to the z-axis, where 


tany = 7,0) = a tan p. (99.7) 
mice e < P, y < B. 


The directions of corresponding vectors n and s are the same only for waves propagated 
long one of the coordinate axes (i.e. the principal dielectric axes). If n lies in one of the 
ordinate planes, s lies in that plane also. This rule, however, is subject to an important 
‘ception for wave vectors in the direction of the optical axes. 
T When the values of n given by (99.5) are substituted in the general formulae for sin terms 
| fn (§97, Problem), these take the indeterminate form 0/0. The origin and meaning of this 
determinacy are quite evident from the following geometrical considerations. Near a 
ngular point, the inner and outer parts of the wave-vector surface are cones with a 
mmon vertex. At the vertex, which is the singular point itself, the direction of the normal 
the surface becomes indeterminate; and the direction of s as given by these formulae is 
St the direction of the normal. In fact the wave vector along the binormal corresponds to 
linfinity of ray vectors, whose directions occupy a certain conical surface, called the cone 
9 internal conical refraction. § 
To determine this cone of rays, we could investigate the directions of the normals near 
€ singular point. It is more informative, however, to use a geometrical construction from 
e ray surface. 
Fig. 55 (p. 344) shows one quadrant of the intersection of the ray surface with the xz- 
ane (continuous curves), and also the intersection of the wave-vector surface, on a different 
ue. The line OS is the biradial, and ON the binormal. Let ny be the wave vector 
Tresponding to the point N. It is easy to see that the singular point N on the wave-vector 


i It is easy to see that the solution thus found is the only real solution of equations (99.4). If none of n,, n,, n, is 
fO, the three equations (99.4) are inconsistent: they then involve only two unknowns, namely n and 
n? + 6 n,? + en’. If n, OT n, is zero the solutions are imaginary. 

t In the tensor ellipsoid (97.23) the binormals are the directions perpendicular to the circular sections of the 
Psoid. An ellipsoid has two such sections. 


§ The phenomenon of conical refraction described below was predicted by W. R. Hamilton (1833). 
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surface corresponds to a singular tangent plane to the ray surface. This plane IS 
perpendicular to ON, and touches the ray surface not at one point but along a curve, which 
is found to bea circle. In Fig. 55 the trace of this plane is shown by ab. This follows at once 
from the geometrical correspondence between the wave-vector surface and the ray surface 
(§97): if the tangent plane is drawn at any point s of the ray surface, then the perpendicular 
from the origin to this plane is in the same direction as the wave vector n corresponding to 
s, and its length is 1/n. In our case there must be an infinity of vectors s corresponding to the 
single value n = ny; hence the points on the ray surface which represent these vectors $ 
must lie in one tangent plane, which is perpendicular to ny . Thus in Fig. 55 the triangle Oab 
is the section of the cone of internal conical refraction by the xz-plane. 

There is no especial difficulty in carrying out a quantitative calculation corresponding to 
this geometrical picture, but we shall not do so here, and give only the final formulae. The 
equations of the circle in which the cone of refraction cuts the ray surface are 


(EP — e)s? + {s, ae [e™ (eP — 2) ] — s, n [e (e — 2) J} x ` 


g2 — g) 20) — 209) = (99.8) 
Aper o ze fe 


N [eP (2 va gp) ] ae s [e™ (eP ES £®)] pas s fe? — gi*) ]. 


The first of these equations is the equation of the cone of refraction if s,,5,, Sz ae regarded 


as three independent variables. The second is the equation of the tangent plane to the ray 
surface. In particular, for s, = 0 equation (99.8) gives the two equations 
Sy [ae =e Sa Sam — g) 
in the 


which determine the directions of the extreme rays (respectively Oa and Obin Fig. 55) A 
section by the xz-plane. The former is along the binormal (cf. (99.6)), which 1S pe 
pendicular to the tangent ab. 
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© Similar results hold for the wave vectors corresponding to a given ray vector. The vector 

Ss along the biradial corresponds to an infinity of wave vectors, whose directions occupy the 
cone of external conical refraction. In Fig. 55 the triangle Oa'b' is the section of this cone by 
the xz-plane. The corresponding formulae are again obtained by substituting n for s and 
I/e for £ in the formulae (99.8), and are 


ee — 2 yn? + In, a (EP — e) —n, Z (ED — £) ] x 
x [n e™ Ka (EeP — £) — n,e F (ce —)] = 0, (99.9) 
n/(e” — eg) 4 n/ (e —_) = a [EP (e2 — e™)]. 


In observations of the internal conical refractiont we can use a flat plate cut 
perpendicular to the binormal (Fig. 56). The surface of the plate is covered by a diaphragm 
of small aperture, which selects a narrow beam from a plane light wave (i.e. one whose wave 
vector is in a definite direction) incident on the plate. The wave vector in the wave 
transmitted into the plate is in the direction of the binormal, and so the rays are on the cone 
of internal refraction. The wave vector in the wave leaving the other side of the plate is the 
same as in the incident wave, and so the rays are on a circular cylinder. 


Fic. 56 


| To observe the external conical refraction, the plate must be cut perpendicular to the 
biradial, and both its surfaces must be covered by diaphragms having small apertures in 
exactly opposite positions. When the plate is illuminated by a convergent beam (i.e. one 
Containing rays with all possible values of n), the diaphragms admit to the plate rays with s 
along the biradial, and therefore with directions of n occupying the surface of the cone of 
external conical refraction. The light leaving the second aperture is therefore on a conical 
Surface, although this does not exactly coincide with the cone of external refraction, on 
«count of the refraction on leaving the plate. 

l The laws of refraction at the surface of a biaxial crystal for an arbitrary direction of 
incidence are extremely complex, and we shall not pause to discuss them here $ but only 
Mention that, unlike what happens for a uniaxial crystal, both refracted waves are 
extraordinary” and the rays of neither lie in the plane of incidence. 

| As specified in §97, we are describing the optics of transparent crystals, but we may note 
dere that there is a property of biaxial crystals that may occur when absorption is taken 
into account. 














+ We shall describe only the principle of the experiment, . 
t A detailed account of the calculations may be found in the article by G. Szivessy, Handbuch der Physik, 
Ol. XX, Chapter 11, Springer, Berlin, 1928. 
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Let us consider a homogeneous plane wave propagated in the crystal, in which n is g 
complex vector but its real and imaginary parts are in the same direction: n = nv, where v js 
a real unit vector, n = n(w) a complex quantity. For a given v, the dispersion equation 
(97.21) can be expanded as 


ntn? (Na +22) +1122 7 12 =0, 


where 4, = £~! and 1 and 2 are tensor suffixes in the plane perpendicular to v. This 
equation quadratic in n~? has a multiple root if 


22—11 = £2iN 2; (99.10) 


then n`? =4(y,, +122). When absorption is present, the tensor nik = Nik +N" is 
complex. 

In biaxial crystals, the tensor ellipsoids of y; and n,, have three unequal axes; the ratios 
of the axes are different for the two tensors (and so are their directions, in triclinic and 
monoclinic crystals). Under these conditions, the two-dimensional tensors 4,5 and ng” 
cannot in general be simultaneously brought to diagonal form. The angle & between the 
principal axes of the two tensors is a function of two independent variables, the angles 
which specify the direction of v. For a given frequency w. therefore, there can exist a one- 
parameter set of directions of v for which 9 = 47. With this value of 9, the imaginary part 
of the complex equation (99.10) is satisfied identically; the real part 1s 


no — Ni = F (n2 n). (99.11) 


where the suffixes 1 and 2 denote the principal values of the tensors concerned.t For any 
choice of the x, and x, axes, equations (97.21) now give 


D/D, = (N22 —41)/2Ny2 = £1, 


the two signs on the right corresponding to those in (99.10). Thus the conditions 9 = 47 
and (99.11) together determine, for each value of w, a particular direction of v in which only 
a wave with circular polarization of one sign, left or right according to the sign for which 
(99.10) is satisfied, can be propagated (W. Voigt, 1902). This direction in the crystal is called 
the singular optical axis or the circular optical axis. 

In accordance with the general theory of linear differential equations, the second 
independent solution of the field equations then contains, not only the exponential factor 
e¥t (which includes the damping), but also the factor a+ bv-r linear in the coordinates.t 
The polarization of this wave varies along the ray. but ultimately, as v-r increases, a circular 
polarization is established similar to that in the first wave, as is obvious if we note that in the 
limit concerned the substitution of the solution in the field equations involves differential- 
ing only the exponential factor, and the difference between the two solutions then 
disappears. 

We should again emphasize the difference between the singular axis and the case where 
the dispersion equation necessarily has a double root because of the symmetry of the 
crystal. For light propagated along the optical axis of a uniaxial crystal, the tensor Nag has 


+ This is easily proved by taking the x, and x, axesalong the principal axes of the tensor y,, and expressing the 
components of ,,” in terms of its principal values. = 
t This solution has to be taken into account, for example, in problems of the reflection and refraction of lig 
propagated along the singular axis. i 
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the form n6,,, and the condition (99.10) is satisfied identically. Equations (97.21) then allow 
two independent solutions with different polarizations. 


§100. Double refraction in an electric field 


An isotropic body becomes optically anisotropic when placed in a static electric field. 
This anisotropy may be regarded as the result of a change in the permittivity due to the 
static field. Although this change is relatively very slight, it is important here because it 
leads to a qualitative change in the optical properties of bodies. 

In this section we denote by E the static electric field in the body,t and expand the 
dielectric tensor £; in powers of E. In an isotropic body in the zero-order approximation, 
we have s; = e6,,. There can be no terms in £; which are of the first order in the field, 
since in an isotropic body there is no constant vector with which a tensor of rank two linear 
in E could be constructed. The next terms in the expansion of £, must therefore be 
quadratic in the field. From the components of the vector E we can form two symmetrical 

f tensors of rank two, E? ô; and E;E,. The former does not alter the symmetry of the tensor 

ô; and the addition of it amounts to a small correction in the scalar constant ¢©, which 
evidently does not result in optical anisotropy and is therefore of no interest. Thus we 
arrive at the following form of the dielectric tensor as a function of the field: 


Eik = 6, +E Ep (100.1) 
















where « is a scalar constant. 
One of the principal axes of this tensor coincides with the direction of the electric field, 
and the corresponding principal value is 


ey = g0) + a E?. (100.2) 
The other two principal values are both equal to 
hie (100.3) 


and the position of the corresponding principal axes in a plane perpendicular to the field is 
arbitrary. Thus an isotropic body in an electric field behaves optically as a uniaxial crystal 
(the Kerr effect). 

The change in optical symmetry in an electric field may occur in a crystal also (for 
example, an optically uniaxial crystal may become biaxial, and a cubic crystal may cease to 
be optically isotropic), and here the effect may be of the first order in the field. This linear 
effect corresponds to a dielectric tensor of the form 


Eik = Ey +05, En (100.4) 


Where the coefficients «,,, form a tensor of rank three symmetrical in the suffixes i and k. 
The symmetry of this tensor is the same as that of the piezoelectric tensor. The effect in 
question therefore occurs in the twenty crystal classes which admit piezoelectricity. 


$101. Magnetic—optical effects 


In the presence of a static magnetic field H,$ the tensor są (œ; H) is no longer 





t Not to be confused with the weak variable electric field of the wave. 
t Not to be confused with the weak variable field of the electromagnetic wave. 


Pens T k 
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symmetrical. The generalized principle of symmetry of the kinetic coefficients relates the 
components £; and £p; in different fields: 


é,,(H) = &,;(— H). (101.1) 
The condition that absorption be absent requires that the tensor should be Hermitian: 
En, = Ey", (101.2) 


as is seen from (96.5), but not that it should be real. Equation (101.2) implies only that the 
real and imaginary parts of £; must be respectively symmetrical and antisymmetrical: 


bees Ey — EE, (101.3) 
Using (101.1), we have 


£m (H) = ex (H) = £x (— H), 


l ; (101.4) 
E&x (H) = — ep" (H) = — ex (— H), 


ie. in a non-absorbing medium £; is an even function of H, and £,” an odd function. 
The inverse tensor £~! evidently has the same symmetry properties, and is more 
convenient for use in the following calculations. To simplify the notation we shall writet 


en = Ni = Ni ting’, (101.5) 
as already used above. 

Any antisymmetrical tensor of rank two is equivalent (dual) to some axial vector; let the 
vector corresponding to the tensor y,” be G. Using the antisymmetrical unit tensor é;,,, We 
can write the relation between the components y; and G; as 


Nik = eim Gp (101.6) 


or, in components, Nx, = Ga Nax =G ’ = G, The relation E; = ip D, between the 


electric field and induction becomes 


i 
y» Nyz 


E; = (nx + iei Gi) Dy =n Dy +i (D XG), (101.7) 
There is a similar linear relation s 
D; = & Ey +i (E Xg); (101.8) 


The connection between the coefficients in (101.7) and (101.8) is given by 


l jy- ee 101.9) 
=e alee 7 G; = — 77 Eir I> (191. 
H k | E | k | | g a} | E | k 
where |s| and |e’| are the determinants of the tensors £; and e: c6 $22 Proble 
medium in which the relation between E and D is of this form is said to be gyrotropic. 
vector g is called the gyration vector, and G the optical activity vector. — ee. 
We shall give a general discussion of the nature of waves propagated in an arbitra 


t Of course, ną and y” are not the tensors inverse to £ and Eig - 


p" 
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gyrotropic medium, assumed anisotropic, with no restriction on the magnitude of the 
‘magnetic field.t 


We take the direction of the wave vector as the z-axis. Then equations (97.21) become 





















l 7 > tt J 
(ns -7z on) Dy = (na A —— ou) D, = 0. (101.10) 


where the suffixes a, f take the values x, y. The directions of the x and y axes are taken 
along the principal axes of the two-dimensional tensor Yap, and we denote the 
corresponding principal values of this tensor by 1/ng,7 and 1/n,,*. Then the equations 
pecome 





1 1 
=e) D iGo 0 
(— Z) o 


(101.11) 


quadratic in n?: 


1 1 l 1 
a p Se ols 


whose roots give the two values of n for a given direction of mt 


1 1 1 1 Í 1 a 
eea E aa a = es G,7 |. 101.13 
ne 2 = k =? jl: (5 = = | | 


Substituting these values in equations (101.11), we find the corresponding ratios D,/D,: 


D Pe am | 1 Iy a: 
ee EN aa E G2 i>. 101.14 
D, iG, 13 (5 SME - =) aa |} 


The purely imaginary value of the ratio D,/D,, signifies that the waves are elliptically 
olarized, and the principal axes of the ellipses are the x and y axes. The product of the two 
ve lues of the ratio is easily seen to be unity. Thus, if in one wave D, = ipD,, where the real 
jYantity p is the ratio of the axes of the polarization ellipse, then in the other wave 
y= —iD,/p.This means that the polarization ellipses of the two waves have the same axis 
atio, but are rotated 90° relative to each other. and the directions of rotation in them are 
pposite (Fig. 57, p. 350). 

If the vectors D in the two waves are denoted by D, and D 2, these relations may be 
Mitten D,-D,* = D,, D2,* + D,, D,,* = 0. This is a general property of the eigenvectors 
m reduction to diagonal form of an Hermitian tensor (an this case, the tensor Nap): 





t The medium is again assumed non-magnetic with res 
ik (w) = 5,,. This, however, does not exclude a static fie 
lay differ from unity). 

The properties derived for £; (w) are equally applicable to the tensor u, (W) in a frequency range where the 
ispersion of the magnetic permeability is of Importance, 

t When there is no field, G = O and n = ng, or noz. It should be remembered, however, that when the field is 


Tesent no, and noz in equation (101.12) are not in general the values of n for H = 0, since not only G but also the 
Omponents Nik depend on the field. 


pect to the variable field of the electromagnetic wave, i.e. 
ld magnetizing the medium (i.e. the static permeability 
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Fic. 57 


The components G, and y; are functions of the magnetic field. If, as usually happens, the 
magnetic field is fairly weak, we can expand in powers of the field. The vector G is zero in 
the absence of the field, and so for a weak field we can put 


G, = fa Hy (101.15) 


where f is a tensor of rank two, in general not symmetrical. This dependence is in 
accordance with the general rule whereby, in a transparent medium, the components of the 
antisymmetrical tensor y; (and £; ) must be odd functions of H. The symmetrical tensor 
components y; are even functions of the magnetic field. The first correction terms 
(which do not appear in the absence of the field) in n; are therefore quadratic in the ield. 
When second-order quantities are neglected, formulae (101.9) reduce to the simpler form 


In the general case of an arbitrarily directed wave vector, the magnetic field has little 
effect on the propagation of light in the crystal, causing only a slight ellipticity of the 
oscillations, with an axis ratio of the polarization ellipse which is small (of the first order 
with respect to the field). 

The directions of the optical axes (and neighbouring directions) form an exception. The 
two values of n are equal in the absence of the field. The roots of equation (101.12) then 
differ from these values by first-order quantities,} and the resulting effects are analogous to 
those in isotropic bodies, which we shall now consider. 

The magnetic—optical effect in isotropic bodies (and in crystals of the cubic system 
particular interest on account of its nature and its comparatively large magnitude. 

Neglecting second-order quantities, we haven, =€- l Ôp where e is the permittivity o 


) is of 





the isotropic medium in the absence of the magnetic field. The relation between D and E1s 
E= D+iDXG, D = £E +iE xg; (101.16) 

in the same approximation, the vectors g and G are related by 
G = —g/e?. (101.17) 
eof thisis 


+ Itshould be noticed that the two roots of (101.12) do not become equal. The geometrical significance 
that the two parts of the wave-vector surface are separated. 
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The dependence of g (or G) on the external field reduces in an isotropic medium to simple 
proportionality: 
g=fH, (101.18) 


in which the scalar constant f may be either positive or negative. 
In equation (101.12) we now have no; = Aoz = No = af; £, the refractive index in the 
absence of the field. Hence 1/n? = +G,+1/n,7 or, to the same accuracy, 


nz? = No? En, G, = no* Fir (101.19) 
Since the z-axis is in the direction of n, we can write this formula, to the same accuracy, in 
the vector form 


1 2 
(n+ Dak e) = noe. (101.20) 


Hence we see that the wave-vector surface in this case consists of two spheres with radius 
Np, Whose centres are at distances +g/2n, from the origin in the direction of G. 
A different polarization of the wave corresponds to each of the two values of n: we have 


D, = FiD,, (101.21) 


where the signs correspond to those in (101.19). The equality of the magnitudes of D, and 
D,, and their phase difference of + $r, signify a circular polarization of the wave, with the 
lirection of rotation of the vector D respectively anticlockwise and clockwise looking 
ilong the wave vector (or, to use the customary expressions, with right-hand and left-hand 
polarization respectively). 

The difference between the refractive indices in the left-hand and right-hand polarized 

Waves has the result that two circularly polarized refracted waves are formed at the surface 
Wa gyrotropic body. This phenomenon is called double circular refraction. 
Let a linearly polarized plane wave be incident normally ona slab of thickness |. We take 
he direction of incidence as the z-axis, and that of the vector E (= D) in the incident wave 
S the x-axis. The linear oscillation can be represented as the sum of two circular 
scillations with opposite directions of rotation, which are then propagated through the 
ab with different wave numbers k + = on, /c. Arbitrarily taking the wave amplitude as 
nity. we have D, = 4 [exp (ik , z) + exp (ik_ z)], D, = zi[—exp (ik , z)+ exp (ik_ z)], or, 
utting k = $(k, +k_) and x =1(k, —k_), 


1 giz (eX? Be pu) = eikz COS KZ, 
D = $ jetz (—e™7 + po) = etkz sin KZ. 
Yhen the wave leaves the slab we have 
D,/D, = tan xl = tan (l cog /2CNp). (101.22) 


ince this ratio is real, the wave remains linearly polarized, but the direction of polarization 
Changed (the Faraday effect). The angle through which the plane of polarization is 


tated is proportional to the path traversed by the wave; the angle per unit length in the 
rection of the wave vector 1s 


(@g/2cn,) cos 0, (101.23) 


here @ is the angle between n and g. 





p 
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It should be noticed that, when the direction of the magnetic field is given, the direction 
of rotation of the plane of polarization (with respect to the direction of n) is reversed (left- 
hand becoming right-hand, and vice versa) when the sign of n is changed. If the ray 
traverses the same path twice in opposite directions, the total rotation of the plane of 
polarization is therefore double the value resulting from a single traversal. 

For 0 = 42 (the wave vector perpendicular to the magnetic field), the effect linear in the 
field given by formulae (101.19) disappears, in accordance with the general rule stated 
above that only the component of g in the direction of n affects the propagation of light. 
For angles 0 close to 3 we must therefore take account of the terms proportional to the 
square of the field, and in particular these terms must be included in the tensor yip. By 
virtue of the axial symmetry about the direction of the field, two principal values of the 
symmetrical tensor y; are equal, as for a uniaxial crystal. We shall take the x-axis in the 
direction of the field, and denote by y, and y, the principal values of n; in the directions 
parallel and perpendicular to the magnetic field. The difference 7 ,— y, is proportional to 
H?. 

Let us consider the purely quadratic effect (called the Cotton-Mouton effect) which 
occurs when n and g are perpendicular. In equations (101.11) and (101.12) we have G, = 0, 
and 1/no,7, 1/2? are respectively y, nı- Thus in one wave we have 1/n* = n,, D, = 0; this 
wave is linearly polarized, and the vector D is parallel to the x-axis. In the other wave 
1/n* = y,, D, = 0, i.e. D is parallel to the y-axis. Let linearly polarized light be incident 
normally on a slab ina magnetic field parallel to its surface. The two components in the slab 
(with vectors D in the xz and yz planes) are propagated with different values of n. 
Consequently the light leaving the slab is elliptically polarized. 

Lastly, let us consider one other peculiar effect that occurs in a medium whose optical 
activity vector (101.15) is linear in the (static) magnetic field, namely the magnetization of a 
non-magnetic transparent medium by a variable electric field (L. P. Pitaevskii, 1960). 

We start from the general formula (31.6) 


— B/4r = 0U0/CH, 


and take account of the contribution to U from the variable electric field, which is given by 
(80.11). According to the theorem of small increments to thermodynamic quantities, the 
change 6U in this contribution when the permittivity changes by a small amount is 
(expressed in terms of the appropriate variables) the same as the change ôF in the free 
energy. For the latter we can use formula (14.1), with an obvious generalization to 
anisotropic media; the fact that this formula remains valid for a variable field (not a static 
field as in §14) in a dispersive transparent medium has been mentioned in §81.+ We thus 


have N 
ÔU = —6¢, E; E,*/1672 


= 6n,, D; D,*/167; (101.24) 


the extra factor 4 takes account of the complex representation of E. The second equation 
(101.24) follows because the definition €; N = 6, gives Eg OM, = — NÔ EF 


+ The tilde above the symbol U refers here to the magnetic variables, not the electric ones. To simplify the 
notation, we omit the sign of time averaging from U. 

+ To derive (101.24) directly. it would be necessary to consider a dielectric-filled resonator instead of the 
oscillatory circuit discussed in §81. By calculating the change in frequency due to a smal] change in the 
permittivity (cf. §90, Problem 4) and using the adiabatic invariant theorem, we find the change ın the resonator 
energy. 


§10] , Magnetic—optical effects 353 


Now regarding the permittivity variation as the result of changing the static magnetic 
field, we write 
B _ Üo , Ônix DD," 
4n OH OH lór ’ 





where U, refers to the medium in the absence of the electric field. If the medium itself is 
non-magnetic (p = 1), then 0U,/OH = — H/4r. The magnetization M = (B—H)/4z is 
then 





In the absence of the external magnetic field, the derivative 0n;,/0 H is to be taken at 
H = 0. With y; from (101.6), and (101.15), we obtain finally the following expression for 
the magnetization due to the variable electric field: 


M, = —(i/167) eiton Smt PD," (101.25) 


this is quadratic in the electric field. If the medium is isotropic in the absence of the 
magnetic field, then fı = fn and 


M = —if DxD*/16z. (101.26) 


For a linearly polarized field, the vector D can differ from a real quantity only by a phase 
factor; then D and D* are collinear, and (101.25) or (101.26) is zero. There is thus a 
magnetization only in the presence of a rotating electric field. This effect is in a sense the 
opposite of the rotation of the polarization plane in a magnetic field, and is expressed in 
terms of the same tensor f,,; it is therefore called the inverse Faraday effect. 


PROBLEMS 


PROBLEM 1. Show by direct calculation that the direction of the (time) averaged Poynting vector in a wave 
propagated in a transparent gyrotropic medium is the same as that of the group velocity. 


SOLUTION. According to (59.9a), 
S = c re E* xH/8z, 


E and H being expressed in complex form. Proceeding as in the derivation of (97.16). we multiply equations 
(97.15) by E* and H* respectively: 


E* -ô D = H* -ô H + (E* x H) ôn, 
H* -H = D* -ô E + (E xH*)-ôn. 
Adding these and noting that E* -ô D = D* -ô E, since the tensor £; is Hermitian. we find the required result: 
dn-re (E* xH) = 0. 


PROBLEM 2. Determine the directions of the rays when a ray incident from a vacuum is refracted at the 
surface of an isotropic body in a magnetic field. 


SOLUTION. The direction of the ray vector sis given by the normal to the wave-vector surface. Differentiating 
the left-hand side of equation (101.20) with respect to the components of the vector n, we find that s is 
proportional to n + g/2no. The square of the latter expression is no’, and so the unit vector in the direction of the 


ray is given by 
s I 1 
S No 2no 


Let the angle of incidence be 0. The refracted rays do not in general lie in the plane of incidence, and their 
directions are given by the angle 6’ to the normal to the surface and the azimuth ¢’ measured from the plane of 
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incidence. We take the latter as the xz-plane, with the z-axis perpendicular to the surface. The components n, and 
n, of the wave vector are unaltered by refraction. In the incident ray they are n, = sin 0, n, = 0. Substituting these 
values in (1), we find the x and y components of the unit vector s/s, which give immediately the directions of the 
refracted rays: 





I 1 
sin & cos ¢’ = — sin 0 + 5 Jx 


No No? 


sin 0’ sin ¢ = +— g. 
? Sr Oe 2 


When the angle of incidence is not small, the azimuth ¢’ is small, and we can write 
$ = +9,/2n, sin 0, 


sin 0 
foe 
No 2ro 








sin @’ = 


For normal incidence (0 = 0) we take the xz-plane through the vector g; then ¢’ = 0, and 6 = sin @’ = 
+ g,/2no”. Although this formula does not involve g,, it is not valid if g, = 0, since the approximation linear in the 
field is inadequate when n and g are perpendicular. 


PROBLEM 3. Determine the polarization of the reflected light when a linearly polarized wave is incident 
normally from a vacuum on the surface of a body rendered anisotropic by a magnetic field. 


SOLUTION. For normal incidence the direction of the wave vector is unaltered by the passage of the wave into 
the medium. In all three waves (incident, refracted and reflected) the vectors H are therefore parallel to the surface 
(the xy-plane). The electric vector E in the incident and reflected waves is also parallel to the xy-plane; in the 
refracted wave £, # 0, but the relation between the x and y components of E and H is the same as in an isotropic 
body (H, = —nE,, H, = nE,). If the polarization of the incident wave is the same as that of one of the two types 
of wave which can be propagated in the anisotropic (refracting) medium concerned, with the given direction of n, 
then there is only one refracted wave, which has this polarization. The problem is then formally identical with that 
of reflection from an isotropic body, and the fields E, and E, in the reflected and incident waves are related by 


E, = (l—n) E,/ (1+), (1) 


where n is the refractive index corresponding to this polarization. k 
The linear polarization can be regarded as resulting from the superposition of two circular polarizations with 
opposite directions of rotation. If E, in the incident wave is in the x-direction, we put E, = Eo *+Eo ; where 











Eo’, = iEo* , = 4 Eo, Eo , = —iEo , =} Epo. Using formula (1) for each wave, with n, given by (101.19), we 
obtain 
l-n l-n_ l—n 
E,, = 4 E| —— +- |ze 2 
D i l+n_ ene 
t—n_ 1- cos 0 


where 0 is the angle between the direction of incidence and the vector g. Hence we see that the reflected wave IS 
elliptically polarized, the major axis of the ellipse being in the x-direction, and the ratio of the minor and Major 
axes being (g cos 0)/no (no — 1). 


PROBLEM 4. Determine the limiting form of the frequency dependence of the gyration vector at high 
frequencies. 


A xe : - : st 
SOLUTION. The calculations are similar to those in §78, except that the electron equation of motion MU 
include the Lorentz force due to the static external magnetic field H: 


dy’ : 
rye = e Ee “*+ ev XH/c, 
t 


3 : 3 -ma tions- 
wheree = — |e ļis the electron charge. If œw > |e |H, mc, this equation can be solved by successive approximation 
As far as terms of the first order in H we have 

2 


ie e 
v =-— E-—,_,_ Exh. 
mw m œ c 
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and the induction is then 

D = elw) E+ if (œw) E xH, 
where e(w) is given by (78.1) and f (œ) = — 4r Ne? /cm? w° = ({e|/2mc) de/dœw (H. Becquerel, 1897). 


§102. Mechanical-optical effects 


Besides the electric-optical and magnetic—optical effects, there are other ways in which 
the optical symmetry of a medium can be changed by external agencies. These include, first 
xf all, the effect of elastic deformations on the optical properties of solids. In particular, 
uch deformations may render an isotropic solid body optically anisotropic. Such 
phenomena are described by the inclusion in £; (œ) of additional terms proportional to the 
somponents of the strain tensor. The corresponding formulae are exactly the same as (16.1) 
nd (16.6) for the static permittivity, except that the coefficients are now functions of 
requency. In the deformation of an isotropic body, for example, we have 


Eik = Es Öik + Gy Uy, + Ay Uy Òir- (102.1) 


[he coefficients a, (œ) and a, (œ) are called elastic—optical constants. 
Another case is the occurrence of optical anisotropy in a non-uniformly moving fluid. 
fhe corresponding general expression for the dielectric tensor is 


Ov, Ov, Cv, Ov; 
i k i k 








nd represents the first terms in an expansion of £; in powers of the derivatives of the 
elocity. The condition that absorption be absent (£; is Hermitian) means that 1, (œ) and 
2(@) must be real; «‘°) (w) is the permittivity of the fluid at rest. In an incompressible fluid 
b,/Ox, = div v = 0, and the last two terms in (102.2) give zero on contraction. 

To investigate the electromagnetic properties of the moving fluid, we have to combine 
l€ formulae (76.9)-(76.11) for the electrodynamics of moving dielectrics (with a velocity v 
lat depends on the coordinates) with (102.2). Here, however, the terms which contain both 
ic velocity and its derivatives are to be neglected, as being outside the accuracy of the 
rmulae. 

The second and third terms in (102.2) are respectively symmetrical and antisymmetrical 
| the suffixes i,k. For uniform rotation of the fluid we have v = Q xr, where Q is the 
Agular velocity of rotation, and the symmetrical term is zero. The antisymmetrical term is 
2em, so that the medium becomes gyrotropic. with gyration vector 


he quantity å, contains contributions from two effects: the dispersion of the permittivity, 
ld the influence of Coriolis forces on it. 


! n a frame of reference moving with a given element of the fluid, the amplitude E, of a 
Onochromatic wave (in the laboratory frame) rotates with angular velocity — Q, i.e. 
comes a function of time satisfying the equation 








0OE,/ét = -Q x Eo. 


this sense the wave becomes quasi-monochromatic, and the relation between D and E is 
— o 
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given by 


de(@)CE, _, 
D= twt. 
e(w)E+i ma (102.4) 








the derivation 1s the same as that of (80.10), except that here f (œ) = e(œ). Substituting the 
value of 0E,/ôt and comparing the result with the definition of the gyration vector g in 
(101.16), we find that the dispersion makes a contribution de“ /d@ to 2, (M. A. Player, 
1976). 
If we now put 
A, = yee, + de® /do, (102.5) 


then /,© is due only to the Coriolis forces, which are linear in Q. 
In a rotating frame of reference, the Hamiltonian of the system is 


K = FH —M eah, 


where ¥ and Al neon are the ordinary operators of the energy and angular momentum of 
the system (see SP 1, §34); the permittivity of a rotating medium must in principle be 
calculated from this Hamiltonian. The expression is, however, analogous to the 
Hamiltonian of a system in a magnetic field, written as far as the terms linear in H: 


KH =H — MB, 


where M is the magnetic moment operator (see QM, §113). The analogy becomes exact if 
the contribution to the permittivity in the frequency range considered arises only from the 
orbital motion of the electrons in the atoms. Then 4 = (e/2mc) Mmec,, Where e = — |elis 
the electron charge, and the two Hamiltonians differ only in the replacement of Q by 
e€H/2mc. In this case, therefore, it is clear that 


2:0 (œw) = 2mcf(w)/e, (102.6) 


where f (w) is given by (101.18) (N. B. Baranova and B. Ya. Zel’dovich, 1978).+ 

The effects due to the coefficient å, are significant in such systems as suspensions and 
colloidal solutions of anisotropically shaped particles. In this case the effect is due to the 
orienting of particles suspended in the fluid by the action of the velocity gradients. Since 4 
uniform rotation cannot orient the particles, it follows that in this case 2, < 4, and the last 
term in (102.2) may be omitted. The effect given by the A, term is called the Maxwell effect. 

Lastly, it may be noted that the 2, term in (102.2) does not satisfy the generalized 
principle of symmetry of the kinetic coefficients, which would imply that we have 
Eir (0; Y) = &,;(@; — Y), since v changes sign under time reversal. This is not necessary, how- 
ever. The reason is that the derivation of the principle presupposes that the processes des- 
cribed by the coefficients in question are the only cause of energy dissipation in the ae 
In the present case, however, besides the dissipation in the variable electromagnetic k 
in the wave, there is another cause of dissipation, which is unrelated to the field. name y 
the internal friction in the non-uniform fluid stream. As regards the theory of generaliz 


The 

+ Here it should be emphasized that a non-zero A, may exist even in classical (not quantum) ee the 
familiar proposition that, in the classical theory, the thermodynamic properties of bodies are indepen enii 

Coriolis forces in uniform rotation (see SP 1, §34) applies only to the properties in statistical equilibrium. 

permittivity when w +Æ 0 relates to non-equilibrium kinetic properties. 
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susceptibilities, the 4, term describes the response of the system to a non-linear interaction, 
the contribution to the induction from the field E and the velocity gradients jointly. A 
uniform rotation of the whole fluid does not involve any additional dissipation; the A, term 
in (102.2), which 1s found even with this kind of rotation, therefore satisfies the symmetry 
principle: £; (w; Q) = £x (%0: — Q). 


PROBLEM 


Determine the rotation of the plane of polarization for a wave propagated parallel to the axis of a rotating 
dielectric body. 


SOLUTION. The problem amounts to determining the gyration vector, which is the sum of two parts: the 
contribution (102.3) from the change in the permittivity and its dispersion. and the “kinematic” part due to the 
presence of the velocity in the relations (76.10), (76.11); the latter part is to be calculated. 

In Maxwell’s equations 


curl E = iwB/c, curl H = —iwD/c, divB=0, div D=0, (1) 


we express E and B in terms of D and H according to (76.10) and (76.11) with u = 1, take the curl of the first 
equation, and use the remaining equations. The result is 
ew? e—! iw(e—1) 
AD+—, D +—— curl curl (v x H) + —,— curl (D xv) = 0; (2) 
c € c 
here we write £ in place of e as used in the text of §102. Since all formulae are valid only as far as the first order in 
v, the higher-order terms are omitted. 
The last two terms in (2) give the required effect. We expand them and substitute v = Q xr, obtaining 


curl (vxH) = -H xQ, curl (D xv) = DXQ. 


When these differentiations have been carried out, the coordinate dependence of all remaining quantities reduces 
to factors e'k`r, with k |[Q according to the condition stated. Lastly, since in the zero-order approximation with 
respect to v we have H = ck x E/w, k? = ew*/c?, equation (2) becomes 








ew? e—1 
AD +—- D+2io——— DxQ =0 
c c 
tol 2i(e—1 
(—-=)p- C pxo =0, 6) 
Ny on WE 


Where no? = gand nis the refractive index in the rotating body. Comparison of (3) with (101.11) and (101.17) shows 
"hat the “kinematic” contribution to the gyration vector is 2 (e — 1)§2/w (E. Fermi, 1923). The rotation of the plane 
of polarization of the wave is given by the total vector 


2(e—1) d 
g= ea Oho. 
W dw 


ir the high-frequency limit, when the atomic electrons in the substance may be regarded as free, £ is given by (78.1), 
the first two terms in the brackets cancelling. 


CHAPTER XII 


SPATIAL DISPERSION 


§103. Spatial dispersion 


So FAR, in discussing the dielectric properties of matter, we have assumed that the 
induction D(t, r) is determined by the electric field E(f’, r) at the same point r in space, 
though (in the presence of dispersion) not only at the same time t but at all previous times 
t' < t. This assumption is not always valid. In general, the value of D(t, r) depends on those 
of E(t’, r') in some region of space about the point r. The linear relation between D and E is 
then written in a form which generalizes (77.3): 


QO 


D; (t, r) = E; (t, r) + | k (1; r, r')E,(t —1, r')d V’ dr; (103.1) 

o 
here it has been written in the form applicable to an anisotropic medium. This non-local 
relation is a result of what is called spatial dispersion, in which connection the ordinary 
dispersion discussed in §77 is called time dispersion or frequency dispersion. For 
monochromatic field components, whose dependence on t is given by the factor e ‘, the 
relation becomes 


D,(r) = E;(r) + [fate rrjeE,(r)dV’. (103.2) 


It may be noted immediately that in the majority of cases spatial dispersion is much less 
important than time dispersion. The reason is that for ordinary dielectrics the kernel fix of 
the integral operator decreases considerably even at distances |r—r’| that are large 1m 
comparison with the atomic dimensions a. In this chapter we shall consider, as hitherto. 
macroscopic fields averaged over physically infinitesimal volume elements. These fields 
must by definition vary only slightly over distances ~ a. As a first approximation we can 
then take E(r’) = E(r) outside the integration over dV’ in (103.1), and thus return to (77.3). 
In such cases the spatial dispersion manifests itself only in the form of small corrections. 
These, however, may lead (as we shall see) to qualitatively new physical phenomena and 
may therefore be significant. 

A different situation may arise in conducting media (metals, electrolyte solutions, OF 
plasmas): the motion of free current-carriers causes non-locality over distances which may 
be much greater than atomic dimensions. There may then be important spatial dispersion 
even in the macroscopic theory.f 


ł For an isotropic conducting medium, the conditions for spatial dispersion to be negligible may be aitte 
for the transverse and longitudinal permittivities. For the former, the characteristic distance ro Over whic e 
kernel of the integral in (103.2) is non-zero is the smaller of v/w and l, where v is the mean velocity of the one 
and / their mean free path. For the longitudinal permittivity, ro is the smaller of v/œ and (lv/w), the latter 
the distance travelled by the carriers by diffusion along the field in a time ~ 1/%; the diffusion coefficient D~ 
The spatial dispersion is unimportant if kro < 1. 
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Another manifestation of spatial dispersion is the Doppler broadening of absorption 
lines in a gas. If an atom at rest has at the frequency wọ an absorption line with negligible 
width, then for a moving atom this frequency is shifted by the Doppler effect through a 
distance k » v, where v is the velocity of the atom (u< c). This causes the absorption 
spectrum of the gas as a whole to contain a line with width Aw ~ kv,, where v, is the mean 
thermal velocity of the atoms. In turn, this broadening means that the permittivity of the 
gas has an important spatial dispersion when k 2 |œ —@ |/v,. 

The following comment is needed regarding the form in which (103.1) is written. No 
arguments based on symmetry (in space or time) can exclude the possible electric 
polarization of a dielectric in a non-uniform variable magnetic field. It may therefore be 
asked whether a magnetic-field term should be added to the right-hand side of (103.1) or 
(103.2). This is not necessary, however. The reason is that the fields E and B cannot be 
_ regarded as completely independent. They are related (in the monochromatic case) by the 
f equation curl E = iwB/c. By virtue of this equation, we can regard the dependence of D 
on B as a dependence on the spatial derivatives of E, i.e. as one manifestation of non- 
locality. 

When spatial dispersion is taken into account, it is often appropriate, and does not affect 
the generality of the theory, to write Maxwell’s equations in the form 




























CB 
curl E = = —, div B = 0, (103.3) 
c Ct 
lo 
curl B = — wie div D = 0, (103.4) 
c Ot 


without using H in addition to the mean magnetic field h = B. Instead, all terms which 
result from averaging the microscopic currents are included in the definition of D. The 
previous separation of the mean current into two parts as in (79.3) is in general not unique. 
In the absence of spatial dispersion, it is determined by the condition that P should be the 
electric polarization locally related to E. When there is no such relation, it is more 
convenient to put M = 0, B= H, and 


pv = éP /ét, (103.5) 


Corresponding to the form (103.3), (103.4) of Maxwell’s equations. 
The components of the tensor f,,(w; r.r’) (the kernel of the integral operator in (103.2)) 
Satisfy the symmetry relations 


falo r, r) = fi (0; r, r). (103.6) 


This follows from the same arguments as were given in §96 for the tensor £; (œ). The only 
difference is that the interchange of the suffixes a and b in the generalized susceptibilities 
Qas, which implies that of the tensor suffixes i and k and also that of the points r and r’, now 
Causes the interchange of the respective arguments in the functions fy (%;r, ey ee 


q t We are, of course, referring to non-ferromagnetic bodies. Moreover, the following discussion relates only to 
Nfinite homogeneous media, and the form of 


the boundary conditions on the equations is not discussed 
} The above treatment gives a somewhat different view of the assertion in §79 that the permeability p has no 
meaning at optical frequencies. In that Tange, the effects due to the difference of u from unity are in general 
INdistinguishable from those of the spatial dispersion of the permittivity. 
t As always in applications of the generalized principle of symmetry of the kinetic coefficients, if the body is in 


an external magnetic field or has a magnetic structure, the right- - : 
reversed or the structure time-reversed. right-hand side of (103.6) is to be taken with the field 
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We shall consider an infinite macroscopically homogeneous medium. Then the kerne] of 
the integral operator in (103.1) or (103.2) depends only on the difference p = r—r’. The 
functions D and E can then be usefully expanded as Fourier integrals with respect 
to coordinates as well as time, which reduces them to a set of plane waves whose depen- 
dence on rand t is given by a factor exp[i(k - r — wt) ]. For such waves, the relation between 
D and E is 

D; = £x (0%, kK)E,, (103.7) 
where 


(0) 


Eil, k) = 04+ | | fae perk P) dP p dr. (103.8) 
0 


In this description, the spatial dispersion reduces to a dependence of the permittivity 
tensor on the wave vector. 

The “wavelength” 1/k determines the distances over which the field varies considerably. 
We can therefore say that spatial dispersion expresses the dependence of the macroscopic 
properties of matter on the spatial inhomogeneity of the electromagnetic field, just as the 
frequency dispersion expresses their dependence on the time variation of the field. When 
k-+0, the field becomes uniform, and accordingly ¢,(w,k) tends to the ordinary 
permittivity ¢,,(@).t 

From the definition (103.8), 


E;,(—@, — k) = &,;*(@, k), (103.9) 


a generalization of (77.7). The symmetry (103.6), expressed in terms of the functions 
E,(@, k), now gives 
Eik (w, k; $H) = E,(Q, = k; ig $H), (103.10) 


where the parameter $, denoting the external magnetic field (if any), is written explicitly. If 
the medium has a centre of symmetry, the components ¢,, are even functions of k; an axial 
vector is unchanged by inversion, and (103.10) thus becomes 


Erlo, k; H) = gulo, k; — 9). (103.11) 


The spatial dispersion does not affect the derivation of equation (96.5) for the energy 
dissipation. The condition that absorption be absent is therefore again that the tensor 
€;,(w, k) be Hermitian. l 

When spatial dispersion is present, the permittivity is a tensor, not a scalar, even 1n an 
isotropic medium: a distinctive direction is generated by the wave vector. If the medium 
not only is isotropic but also has a centre of symmetry, the tensor ¢;, must be constructed 
from the components of the vector k and the unit tensor 6,, (in the absence of a centre of 
symmetry, there may also be a term containing the antisymmetric unit tensor e;m S&* 
§104). The general form of such a tensor may be written as 


Elo, k) = &,(@, kb, — kik /k?) + &:(@, kK) kjk, /k?, (103.12) 


where g, and £& depend only on the magnitude of the wave vector (and on œ). If Eis parallel 


SS a 5 2 3 - h i 
t More precisely, the dependence on k disappears when kro < 1, where rọ is the size of the region 1n whic 
f,({@, p) is significantly different from zero. 
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to the wave vector, then D = ¢,E; if E Lk, then D = £E. The quantities ¢, and £, are 
accordingly called the longitudinal and transverse permittivities. When k-+0, the 
expression (103.12) should tend to e(@)d,,, which does not depend on the direction of k; it 
is therefore clear that 

&lw, 0) = &,(~, 0) = e(). (103.13) 


e description of the electromagnetic properties of an isotropic medium by means of the 
permittivities £ and £, corresponds to Maxwell’s equations written in the form (103.3) and 
(103.4). On the other hand, as k — 0 and the spatial dispersion disappears, we can revert to 
the description by means of ¢ and u. There is consequently a certain relation between these 
quantities (see Problem 1). 

The analogy between (103.8) and (77.5) enables us to apply to each component £; (œ, kK) 

a function of the complex variable œw the results of the study of analytic properties in 
§§77 and 82. These are analytic functions with no singularity in the upper half-plane of w, 
and they satisfy (for any fixed value of k) the Kramers—Kronig dispersion relations. The 
same is true of the functions g (w, k) and é,(@, k) in (103.12). Here it must be borne in mind 
that the function g with k + 0 does not tend to infinity as œw — 0 even in a conducting 
medium, and therefore no subtraction is necessary here as it was in deriving (82.9); the fact 
that ¢(~) becomes infinite in a conductor as œw — 0 is due to the uniformity (k = 0) of the 
static field. 

The time average (as defined in §80) of the electromagnetic field energy density in a 
transparent medium with spatial dispersion is given by the previous formula (96.6). Since 


now p = 1, we have 
U = 1 | AoE) 
16x} eo 





E,E,* + Br |, (103.14) 


and B being assumed written in complex form. In the energy flux density in such a 
medium, an additional term appears: 


ee ep 103.15 
| l6xn dk * " a 
This formula is obtained by generalizing the derivation of (80.11): here, we have to 


“0 nsider a wave spread over a small range, both in frequency and in wave-vector direction 
see Problem 2). 


S = < re (E* xB) — 
87 


PROBLEMS 


O 1. Find the relation between the functions e(c), (œ) and the limiting values of &(%w, k) and £(%, k) 
sk+0. 


SOLUTION. We compare the expressions for the averaged microscopic current py in the forms (103.5) and 
79.3). For a monochromatic field, we have in the first case 


po, = — io [En (0, k) — ôx] Ex/4n, 
Ad in the second case a 
PY = — io [e(w) — 1 JE/4n + ic [u(w) — 1]k x H/4r. 


ub stituting in the first £;x (œ, k) from (103.12), and in the second H 


_ : : = ck x E/wy in accorda i k 
quation, and equating the two expressions (for k — 0), we find [op nce with Maxwell’s 


1 w? = 
a — lim EW, k) E,(@, k) 
(a) c k>0 k? 


/ comparing the terms in k(k - E). Together with (101.13), this gives the required relation, 





OOOO 
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PROBLEM 2. Derive the formula (103.15) for the (time) averaged energy flux density in a medium with spatial 
dispersion. 


SOLUTION. We start, as in §80, from formula (80.2), putting there H = B in accordance with the description 
of the field by equations (103.3) and (103.4), expressing all quantities in complex form and averaging Over time- 
cD x) 


c 1 
— div— re(E x H*) = — (ex. 2 B* - —__ 
hes ae 8r F ôt ba ôt 


(1) 
Let us consider an almost monochromatic plane wave with 
E = Eo(t, r)eilko't —@ot) 

where E,(t. r) is a function varying slowly in space and time. The derivative ôD; /ôt is written as f,E,, with the 
operator 

Ja = a Eins (2) 
for a strictly monochromatic wave, 

Snr Ex = Su Ek = —iwt;,(w, k)E,,. 


Expanding E, (t, r) as a Fourier integral with respect to time and coordinates, we can express it as a superposition 
of components Eo, ge(4'* -%, with a < wy and q < ko. We then proceed as in the derivation of (80.10). Applying 
the operator (2) to the function 


Fo +oko+q = Eoaq exp [i(k T q) A gag i(wo T at } 

















gives 
fa Eon +a kota = falo +a, ko +q) Eo, +0, ko+q 
Ofx(Wo, Ko) Of. (o, Ko) 
= | ttoo e a pr i . ak, 2 Eo +0, kot @ 
Now carrying out the inverse summation of the Fourier components, substituting f,(w, k) = —iwe,,(w, k) and 
omitting the suffix 0 from @, and ky, we find 
oD, O(we;,) CEo, ÔE; l 
* = —iwe,E,+ ' —w —— ‘grad Ey [E 1o, (3) 
i ee | aa a Goe Ca , 


The second term in the square brackets is the difference between this expression and (80.10). Substitution of (3) in 
(1) brings the latter to the energy conservation equation: 


ðU /ôt = — div S, 
with U and S given by (103.14), (103.15). 


§104. Natural optical activity 


If the spatial dispersion is weak, the tensor ¢;, (œ, k) can be expanded in powers of k. For 
ordinary solid or liquid dielectric media. the expansion is one in powers of a//, where a Is 
the atomic dimension and å the field wavelength. 

As far as the first-order small terms, the expansion is 


Elo, k) =e .(@) + iako (104.1) 


where £., = £x (%, 0), and y;y isa tensor of rank three which depends on the frequency, as 
œw —> 0, its components (which do not pertain to any expansion in powers of œ) tend te 
constants. The relation between D and E in a monochromatic field (oc e-*“’), correspond- 
ing to (104.1), in the coordinate representation, is 


D; = gO) D a Yð Ez/0Xı- (104.2) 


e 
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Applying to (104.1) the symmetry condition (103.10), we have, in the absence of an 

external field, 
Yal) = — Yru (). (104.3) 


In the absence of dissipation, the Hermitian condition gives y,,;* = — Ypa; hence we find 
%ua* = Vin instead of (104.3). Thus the condition for absorption to be absent is that the 
tensor },,, be real. 

If we use the notation of §97 and express a plane wave vector as k = wn/c, the 
expression (104.1) becomes 

Eig = Ei + IY i /C. (104.4) 


Instead of the antisymmetrical tensor of rank two y,,.n,, we shall use the axial gyration 
vector g, which is dual to it. This vector is given by 


OY ty /C = Cin Gr (104.5) 


by, = Eip + lea, (104.6) 


which is formally the same as the expression used in §101. The only difference is that in 
§101 the vector g depended only on the properties of the medium (and on the applied 
magnetic field), whereas here the gyration vector depends also on the wave vector of the 
field. According to (104.5) the components of this vector are linear functions of the 
components of n, i.e. 


Gi = GirMk- (104.7) 
Substituting (104.7) in (104.5), we find ay j4)1;/C = CinGm%, OF, Since n is arbitrary, 
MY ina/C = CinmG mb (104.8) 


which gives the relation between the components of the tensor y,,. of rank three and the 
pseudotensor g;, of rank two.t 

The particular crystallographic symmetry of the body places certain restrictions on the 
omponents of the tensor y;u(Or gig) and, in particular, may have the result that all the 
components are zero. For example, the tensor y;,, cannot exist in bodies having a centre of 
symmetry: when the sign of each coordinate is changed (inversion), all the components of a 

ensor of rank three (and of a pseudotensor of rank two) change sign, whereas by the 
symmetry of the body they must remain unchanged by this transformation. 

Bodies in which the tensor g; is not zero are said to have natural optical activity or 
natural gyrotropy. Thus the existence of optical activity certainly implies that the body has 
NO centre of symmetry. 

Let us first consider the natural optical activity of isotropic bodies. If a liquid or gas 
Consists of a substance having no stereoisomer, it is symmetrical not only with respect to 
any rotation but also with respect to reflection (inversion) about any point, and can have 
NO optical activity. Such activity can occur only in fluids havin g two stereoisomeric forms, 
nd the two forms must be present in different quantities. The fluid then has no centre of 
Symmetry. 

In an isotropic body, and in crystals of the cubic system, the pseudotensor g;, reduces to 





= 


7 In components 9 xx — DY yex/ C, Ixy = OY zy je, Jyx = W72x,/C, etc. 
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a pseudoscalar: 
Jik = fins Vins = China /O. (104.9) 


A pseudoscalar is a quantity which changes sign on inversion of the coordinates. The two 
stereoisomers are formally converted into one another by the operation of inversion, and 
so their values of f are the same with opposite signs. 

Thus, in an optically active isotropic body, the gyration vector g = fn, and the relation 
between the electric induction and field in the wave is given by 


D = E+ifExn. (104.10), 


Since D - n = 0, it follows that E - n = 0. That is, in such a wave not only the induction D 
(as in any medium) but also the field E is transverse to the direction of n. 

The change in the refractive index n when allowance is made for the natural optical 
activity is a small quantity. In determining this change we can therefore put n = n 
= V £ in the small term E xg in (104.10). Then the problem of calculating the difference 
n— no is formally identical with that considered in §101 of the change in n due to the 
magnetic field, except that g has a different meaning and is always parallel to n (the z-axis in 
§101). By analogy with (101.19) we can therefore derive immediately the equation 


ni? = no +g = no tfno- (104.11) 


These two values correspond (cf. (101.21)) to the following ratios of the two components 
of E (or D): 
E, = ŁiE, (104.12) 


i.e. to waves which are left-hand and right-hand circularly polarized. It may also be noted 
that the magnitude of n is independent of its direction, and therefore the direction of n is 
the same as that of the ray vector s. 

Thus we see that the optical properties of a naturally active isotropic body resemble 
those of an inactive body in a magnetic field: it exhibits double circular refraction, and 
when a linearly polarized wave is propagated in it the plane of polarization is rotated. The 
angle of rotation per unit path length of the ray is œf/2c. 

The sign of the constant f, and therefore the direction of rotation, are opposite for the 
two stereoisomers, and we therefore speak of dextrorotatory and laevorotatory 
stereoisomers. ` 

Unlike the rotation of the plane of polarization in a magnetic field, the magnitude and 
sign of the rotation in naturally active substances do not depend on the direction of 
propagation of the ray. Hence, if a linearly polarized ray traverses the same path in â 
naturally active medium twice in opposite directions, the plane of polarization Is 
unchanged. | 

Let us now consider naturally active crystals. We shall not give here a systematic analysis 
of all possible cases of symmetry (see the Problem), but simply note that natural activity ! 
impossible if a centre of symmetry is present, but possible if there is a plane of symmetry 
a rotary-reflection axis. It should be emphasized that the conditions for the existence © 
natural activity in crystals are not the same as those which allow the existence of crystals ® 
two mirror-image (enantiomorphic) forms; the latter conditions are more stringent, an 
require the absence of both a centre and a plane of symmetry. Thus a crystal can be 


optically active and yet be identical with its mirror image. 
In a naturally active crystal (uniaxial or biaxial), when light is propagated with a^ 
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arbitrary direction of the wave vector, we have essentially ordinary double refraction of 
linearly polarized waves; the allowance for the activity would amount essentially to 
replacing the strictly linear polarization by an elliptical polarization with an axis ratio of 
the first order of smallness. 

The only exception is formed by the directions of the optical axes, along which, if the 
activity is neglected, the two roots of Fresnel’s equation coincide. In these directions the 
phenomenon of natural activity of crystals is analogous to that of isotropic bodies: double 
circular refraction of the first order occurs, with a corresponding rotation of the plane of 
polarization of linearly polarized waves. These phenomena rapidly disappear as the wave 
vector deviates from the direction of the optical axis. 

_ Fora quantitative calculation of natural activity in crystals it is more convenient to use, 
not the expression giving D in terms of E, but the inverse, as in §101. As far as first-order 
quantities this 1s 





























E; = E-t Dr + (D xG);, (104.13) 


where the vector G is related to the g previously used by G; = —&'®:,g,/|e |; see (101.9). 
Owing to the formal correspondence between this expression and (101.7), the equations 
(101.11) and (101.12) are again valid. In these equations G, is the component of G in the 
direction of n. If we write G in the form 


G; = GN, (104.14) 
analogy with (104.7), the component is proportional to 
n + G = G,, nN. (104.15) 


T This quadratic form determines the optical properties of a naturally active crystal. The 
“tensor G,, itself need not be symmetrical, but if it is separated into symmetrical and 
intisymmetrical parts the latter does not appear in the form (104.15). Thus we conclude 
hat the tensor G,, may be assumed symmetrical in discussing the optical properties of 
laturally active crystals. 


PROBLEM 


Find the restrictions imposed by crystal symmetry on the components of the tensor G;,. 


SOLUTION. Under any rotation, the pseudotensor G,, behaves as a true tensor; in particular, the presence of 
Nn-fold axis of symmetry with n > 2 results, as for a true symmetrical tensor of rank two, in complete isotropy 
Na plane perpendicular to the axis. The behaviour of the pseudotensor G,, under reflection is determined by the 
act that it is dual toa true tensor of rank three: under any reflection which changes the sign of a given Component 
Ha true tensor of rank two, the corresponding component of G;, remains unchanged, and vice versa. For 
Xample, on reflection in the yz-plane the components G,,. G,,, G,,, G,- change sign, but G,,, G,, do not. 
We give below the non-vanishing components of the tensor G;, for all crystal classes which allow natural 
Ctivity. The z-axis is taken along the threefold, fourfold, or sixfold axis of symmetry or (in the classes C,, C,) 
Ong the only twofold axis of symmetry or (in the class C,) perpendicular to the plane of symmetry. When three 
tually perpendicular axes of symmetry are present, they are the coordinate axes. 

Class C,: all. 

Class C3: G,x»Gyy- Gzz, Gxy, the last of which may be made to vanish by a suitable choice of the x and y axes. 
Class C,: G,.. Gyz, one of which may be made_to vanish by a suitable choice of the x and y axes. 

Class C,,: Gxy (the xz and yz planes being planes of symmetry). 


Classes C3, C4. Ce> D3. Da. Dg: G.. =G.. G 


« . —— G iE] G > one of i A aa : . E 
Class $4: Gxx i ue ae aoe bce may be made to vanish by a suitable choice of the x and y axes. 
Class Dza: Gx, (tne > 8 an vertical planes of symmetry). 


—_ 
= 


Classes T, O: Gxx = Cw Gz. 
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lt may be noted that, in uniaxial crystals of the classes $, and D,4, the scalar (104.15) is zero if the vector n is in 
the z-direction, since G., = 0. This means that in these crystals there is no natural-activity effect in the direction of 
the optical axis. 


In a biaxial crystal of the class C», the optical axes are in one of the planes of symmetry. For vectors n 
lying in the xz or yz plane the scalar (104.15) is again identically zero, so that here also there is no effect in 
the direction of the optical axes. The only crystal class which allows rotation of the plane of polarization 
along the optical axis but not enantiomorphism is the monoclinic class C, . 


§105. Spatial dispersion in optically inactive media 


In crystals whose symmetry does not allow natural optical activity, the first terms (after 
the zero-order one) in the expansion of the permittivity ¢,,(~@, k) in powers of k are 
quadratic terms. 

As usual in crystal optics, it is convenient in the subsequent analysis to write down this 
expansion for the inverse tensor n;, = £ ‘,,. We put 


Nik = nalo) + Bisam(@) ky Km- (105.1) 


The tensor fikrim may be regarded as symmetrical in the second pair of suffixes, since it is 
multiplied by the symmetrical product k,k,,. From (103.10) (with $ = 0) it is also 
symmetrical in the first pair of suffixes: 


Pikim = Britm = Pikmi- (105.2) 


It need not, however, be symmetrical with respect to the interchange of both pairs. In the 
absence of absorption, since the tensor n;, is Hermitian and symmetrical, the tensor fipim 18 
real, and we shall assume this to be so. 

In an isotropic medium, f;,,,,, must be expressed in terms of the unit tensor only, i.e. must 
have the form 


Pirim = B15: O1m + 2B 2 (52 54m + O43 %ien) 


it contains only two independent components. In an isotropic body we also have 
yn, = nd, and so the tensor (105.1) becomes 


Nin = (nN + By k7)b4.+ Bokik;,, x (105.3) 


in accordance with the general expression (103.12) for the dielectric tensor in an isotropl¢ 
medium with spatial dispersion. The wave propagation in the medium is governed by the 
equations (97.21). On substitution of (105.3) in these equations, however, the anisotrop!¢ 
term in £, disappears, since the vectors D and k are orthogonal in a plane wave, 1.€. the 
medium remains optically isotropic, as it should. 

Even in cubic crystals, however, the tensor B, does not reduce to the unit tenso! 
depending on the crystal class, it has either three or four independent components. When 
spatial dispersion is neglected, cubic crystals are optically isotropic; the inclusion of the 
dispersion quadratic in k brings about a new property in them, namely optical anisotropy 


(H. A. Lorentz, 1878). 
In a cubic crystal y, = 6,,/e, and the expansion (105.1) becomes 


1 
Nik — -0y Oik + Bitam ki km. (105.4) 
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Substitution of this in equations (97.21) gives 


1 1 w n? 
(B-a) Bassa [Pp = 0, (105.5) 


where nọ? = £% and the x,-axis in Cartesian coordinates x4, X2, X3 1s parallell to the wave 
vector. From the sense of the expansion (105.4), the second term in the square brackets in 
these equations is to be regarded asa small correction (see §106 concerning the special case 
n which 1/n,2 = 0). We can then replace n? in that term by ng’: 


1 1 wn,” 
eee ee 


No? 

These equations have the same form as for waves in a non-cubic crystal when spatial 
jispersion is neglected. Their determinant is an expression quadratic in n77, whose 
yanishing determines the refractive indices of the two waves with the same direction of k 
but different polarizations. Thus the spatial dispersion in a cubic crystal removes the 
‘polarization degeneracy”: the velocities of the two waves become different, and direction- 
lependent. 

The possibility of longitudinal electromagnetic waves in a transparent isotropic 
aedium has been mentioned at the end of §84. The consistent formulation of the 
Mcondition determining the relation between the frequency and the wave number (the 
lispersion relation) for these waves requires spatial dispersion to be taken into account; 
he condition 1s 

€,(@, k) = 0. (105.7) 


lor small k, the solution of this equation 1s 


wlk) = wo +4ak?, (105.8) 


vhere « is a constant and œ; the frequency for which the permittivity e(@) = &,(@, 0). The 
jave propagation velocity. 
u = 0w/0k = ak (105.9) 


ìà proportional to the wave vector. 


PROBLEM 


Find the relations between the components of the tensor f;,,,,, in non-gyrotropic crystals of the cubic system. 


SOLUTION. Natural gyrotropy does not occur in the crystal classes 7}, 7, O,. 
In the classes 7, and 7,, we take the x, y and z axes along the three twofold axes of symmetry. The non-zero 
SMponents of the tensor are 


B, = oe. = Biss a ms f2 = Pers = Piss z Brzyys 

P3 = a Fe i. = ERRIA Ba = pa = Pey = Byy22- 
In the class O,, the three C, axes become C, axes, and so we also have f, = ß4. 
3106. Spatial dispersion near an absorption line 


In §§104 and 105, spatial dispersion effects have been regarded as small corrections, 


which they usually are. The situation is different, however, near a narrow absorption line in 
— = 
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a crystal, where, by (84.7), e“(q) is sharply increased. In this region, the inclusion of spatial 
dispersion causes a qualitative alteration in the picture. 

The reason is that the addition to the permittivity of terms containing powers of k raises 
the order of the algebraic dispersion relation which determines the function k(@). The 
formal solution therefore gives rise to additional roots. Far from the absorption line, these 
lie in the range of large k, i.e. outside the region where the theory is valid, and they must 
therefore be discarded. Near the absorption line, however, the permittivity varies 
considerably even for small k, and additional roots may arise which have a real physical 
significance, i.e. new transverse waves may occur. 

For simplicity, we shall consider only isotropic media, and begin with the case where 
the medium is not gyrotropic, i.e. has no natural optical activity (S. I. Pekar, 1957. 
V. L. Ginzburg, 1958). 

As already shown in §105, an isotropic medium remains optically isotropic even when 
spatial dispersion is taken into account. This means that the dispersion relation for 
transverse electromagnetic waves in such a medium is given by the usual equation n? = g, 
in which € is taken to be the transverse permittivity ¢,: 


n? = g (w, k). (106.1) 


It has been shown in §103 that £, (œ, k) and g,(%, k) as functions of frequency satisfy the 
same Kramers—Kronig relations as ¢(w) does in the absence of spatial dispersion. We can 
therefore state that near the absorption line the function £, (œ, k) has the same form as in 
(84.7) but with constants that become functions of k; we write it as 


A(k) 


& lw, k) ga w (k)—@ ? 


A(k) > 0. 
If A is relatively small,+ it may be meaningful to include not only the pole term but also the 
constant term (independent of œw) in ¢,; we denote this by a(k), and assume that a > 0, Le. 
that the medium is optically transparent far from the absorption line. The theoretical 
admissibility of including simultaneously the constant and pole terms in g, requires that 
they become comparable in the frequency range |œ — w,| < @,, the only one where the pole 
expression is valid; we must thus have 4 < aw,. 
Since k is again assumed small, the functions can be expanded in powers of k. Here it iS 
sufficient to replace a(k) and A(k) by the constants a = a(0) > 0, A = A(O)*> 0, retaining 
the correction term only in the expansion of @,(k) in the small difference @, — w: 


w,(k) = wo + vk?. 


Then the permittivity is 

A 2) 

ne -C (106. 
ees) a aetna 

Asa function of frequency, this is zero at a point in the range œw > @,. For k = 0, the Zero = 
at W = O = Wp + A/a. Since the permittivities are the same when k = 0, Wo !S the 
limiting frequency (as k > 0) of the longitudinal wave; cf. (105.8). The zero of &,(%, k) when 
k + 0 has no direct physical significance. 


+ For example, on account of some approximate selection rules which decrease the matrix elements 
determining the value of A. 
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The dispersion relation (106.1) now becomes 
(n? — a)(Bn* —w + wo) = A, (106.3) 


with B = vw?/c? = vw,2/c?, which may be either positive or negative. The solutions of 
106.3) may be regarded as resulting from the intersection of two branches of the spectrum: 
he ordinary light wave with n? = a, and the wave with n” = (wœ — @ )/f which arises from 
he pole of the permittivity. These branches are shown by the dot-and-dash lines in Fig. 58. 
[heir “interaction”, whose strength depends on A, moves the lines apart.t 





(b) 


Fic. 58 
















The continuous curves in Fig. 58 show schematically the functions n? (œ) given by the 
Dots of equation (106.3); the dashed curves are the functions n*(@) when spatial dispersion 
neglected (£ = 0). Of course, only positive} roots n? correspond to waves propagated in 
he medium. When f > 0 (Fig. 58a), the upper continuous curve enters the region w > Wp, 
d this gives rise to an additional wave which would not exist without spatial dispersion; 
then w > œ, two different electromagnetic waves can be propagated in the medium. 
‘igure 58b shows the function n?(m) when $ < 0. To the left of the point m, whose 
Oordinates are 


Nm? = a+ /(A/|B\), Om— 0 = —|B| [a+2./(A/|B1) 1, 


nd at which dn? /dœ = œ and the two roots coincide, there are two positive roots, and 
o different waves can be propagated in the medium. The same is true of the region 


t In the microscopic theory, the pole of the permittivity represents the existence of excitons, which are 
entary Bose excitations in the dielectric; the sign of the constant £ is the same as that of the effective exciton 
(see SP 2, §66). The corresponding branch of the wave spectrum is called the exciton branch. The part of the 
Pectrum near the virtual intersection of the two branches is called the polariton range. 
t Forclarity, the diagram shows negative roots also. The purely imaginary values of n correspond to waves for 
vhich the medium is Opaque (though there is no absorption in it); the wave may be said to be totally reflected 
rom the medium. 
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between the point m’, whose coordinates are 


Ng? = a—S(A/|Bl). Ow — 0o = — IB la — 2/44/1681), 


and the point œ = @q). 

If A is not sufficiently small it is, strictly speaking, not consistent to retain the constant 
term in (106.2). On omitting this term (i.e. putting a = 0 in the above formulae) we get a 
picture that differs from Fig. 58 in that the horizontal asymptote of all the curves is the 
abscissa axis itself and not n? = a. The range w > œ, is not considered here. 

Let us now examine the situation near an absorption line in a gyrotropic medium 
(V. L. Ginzburg, 1958). The permittivity e”, when spatial dispersion is neglected, may be 
expressed by the pole term 

e° (w) = A/ (w — ©). (106.4) 


We shall not now assume that A is particularly small, and the constant term is therefore 
omitted. For the relation between E and D a formula of the type (104.13) is to be used, 
expressed in terms of the inverse tensor n; =e *;,-. In an isotropic medium 


l 
E = -w D +iFD xn, (106.5)| 
E 


where the optical activity vector is written as G = Fn. Near the absorption line, the 
components of the tensor y;, simply pass through zero, and there is nothing to prevent its 
expansion in terms of the wave vector from converging. 

The dispersion relation 1s 





es Ce Come " 
e = n? = F ' A (106. ) 
where no? = 6 cf. (101.12). Substitution of e from (106.4) gives 
l = Wo 2 f 
— = F*p?. (106.7) 
(tear) =F 


In Fig. 59 the continuous curves show schematically the dependence of the roots n? of 
this equation on w — wọ. One exists both for w < œw, and for œ > wọ, where there are no 
real values of n in the absence of spatial dispersion; this is nọ? (œ), shown, by the dashed 
curve in Fig. 59. The other two exist only when w < œ. i.e. to the left of the point mat 
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which œo —,, = 3A(4F)3, n,,2 = (2/F)3. The curves n3? (w) and n3? (œ) lie above ng? (w); 
n,” (œ) lies below it. Hence = is clear from equations (101.11), which determine the 
induction D in the wave) waves 2 and 3 have circular polarization of one sign, and wave 1 
as circular polarization of the other sign. 

Lastly, it should be emphasized that formulae (106.2) and (106.4) for the permittivity, 
and therefore the results based on them, apply only to frequencies oe far from the 
entre of the line: |w — wo | > y, where y is the line width. When |œ — @)| = y, absorption 
the imaginary part of the permittivity) has to be taken into account, and this may modify 
he picture substantially. 





CHAPTER XIII 


NON-LINEAR OPTICS 


§107. Frequency transformation in non-linear media 


THE theory of electromagnetic wave propagation in dielectric media described in the 
preceding chapters is based on the assumption of a linear relation between the electric field 
induction D and intensity E. This approximation is sufficiently accurate if (as is true in 
practice) E is much less than typical intra-atomic fields. Even then, however, the small non- 
linear corrections to D(E) cause qualitatively new effects and may therefore be important. 

The most important feature of a non-linear medium is the generation in it of vibrations 
with new frequencies. For example, if a monochromatic wave with frequency œ; is incident 
on sucha medium, then, as it is propagated in the medium, waves with frequencies ma, (m 
being an integer) are generated; if there is initially a set of monochromatic signals with 
frequencies w, and w,, the combination frequencies mw, + nw, will arise in the course of 
time, and so on. 

If the medium is non-dissipative, the frequency transformation process is subject to 
certain very general relationships, in addition to the obvious condition that the total energy 
of the vibrations at all frequencies must be conserved. Here it is assumed that the non- 
linearity is weak; the significance of this property will be made more precise later. 

The origin and significance of the required relations are most clearly seen from the 
quantum standpoint, and this will be our initial basis. To simplify the discussion, we shall 
suppose that all frequencies in the system can be represented as linear combinations of two 
incommensurate fundamental frequencies œ, and @,: 


Oma = MO, +NW2, (107.1) 


where m and n are positive or negative integers. : 
The total energy of the radiation in the medium can be expressed as the sum of the 
energies of all the quanta: 
= > N O 


m,n 


where N „„ is the number of quanta with frequency ©,,,,. The summation is taken over all ni 
and n for which ,,, > O (since, of course, only positive frequencies are physically 
meaningful). 

Frequency transformation processes cause a variation in the numbers N,,,,, with time, the 
total energy being conserved. Hence 


dw dN dN, 
= mn = a 0 
pO 2 m hw, 2 n-i 








Since w, and w, are assumed incommensurate, and the numbers of quanta (and the 


bo ur ia |} 
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changes in them) are integral, the two sums must separately be zero:} 
dN dN 
mn > _ mna = 0. 
Meee 2", (107.2) 


m,n 





Instead of the numbers of quanta, we will use the corresponding intensities, i.e. the total 
energies nn in the radiation of the corresponding frequencies: 














U nn = AO pa N oon (107.3) 
The relations (107.2) then become 
m d% n du 
== = 0, m= 0. 107.4 
2 W mn dt m,n Omn dt ( ) 


ere we must note a point that is especially clear in the classical picture of the oscillations. In 
referring to the time variation of Y mn» We Mean only the systematic variation; that is, we are 
considering the energy averaged over time intervals much longer than the periods 1/m,, 
1/c,, as indicated by the bar over W,,,, in (107.4). This is where the non-linear effects need 
to be weak: the characteristic time t of the steady build-up which they cause in the 
oscillations excited must be much longer than the periods mentioned. Only then can it be 
meaningful to consider the time variation of quantities averaged over intervals At such that 
1/@,, 1/@, < At < T. 

Equations (107.4) give the required relations, and constitute the Manley—Rowe theorem 
(J. M. Manley and H. E. Rowe, 1956).f It remains to give them a more definite form, 
avoiding the restriction Œœ, > 0 in the summations. This is easily done by noting that, to 
each pair of numbers m, n for which w,,,, > 0, there corresponds a pair —m, —n for which 
the frequency is negative and |w,,,| is the same. Defining 
T=- 


m, ~n mn 


(107.5) 


| 


€quation. The result is 
n dX 


$ y tg S 50 ee er = 6) (107.6) 
mZon= œ MW,+nw, dt "eee MO, tno dt 





here is an obvious generalization to the case of a greater initial number of incom- 
Mensurate frequencies. 
The specific properties of the vibratin g system may prohibit particular frequency 
fansfocmation processes. The summations (107.6) are taken, in practice, only over allowed 
Processes. For instance, in the simple case of a system that permits only the generation of 
a combination frequency w, + œw,, the numbers m and n take the values 0 and 1, and we 
Nn 
_— 1 do _ _ 1 d&% a 1 da 


@, dt ® dt @w,+@, dt ` oe) 


—_ 


¥ It is, of course, conventional to write the rates of change of integers as derivatives. 
t The quantum interpretation is due to M. T. Weiss (1957). 
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The meaning of these equations is obvious: the decrease in the numbers of quanta ho, and 
ha, is equal to the increase in the number of quanta h(w, +œ) generated. 


§108. The non-linear permittivity 


When the non-linearity is weak, the first correction to the linear dependence of D on Ẹ is 
quadratic in the field. In the presence of time dispersiont it can be represented in any 
anisotropic medium by 


D?) (t) ={ hte , to JE, (t—1,)E,(t—t,)dt,dt>, (108.1) 
0 


an expression analogous to (77.3). Of course, the existence of such a term places certain 
limitations on the permissible symmetry of the medium; in particular, it does not occur if 
the latter is invariant under inversion. 

Although we shall be considering as typical a term of the form (108.1) quadratic in E, it 
must be noted that in the quadratic approximation the induction D may also contain terms 
bilinear in the components of E and H, or quadratic in H; these are usually less important, 
and they will not be discussed here. We shall also ignore the non-linear dependence of the 
magnetic induction B on H, because it is analogous to the dependence D(E). 

We define the quantity 


E;,i(@,, @2) = | [ets Feat f altita) dt, dt, (108.2) 
0 


which may naturally be called the second-order non-linear permittivity by analogy with the 
linear permittivity defined by an expression of the form (77.5). It differs only by a factor 
from X; j = £; 4/47, called the non-linear susceptibility. Because of the symmetry of E, and 
E, in (108.1), the tensor f; ,, is symmetrical in the suffixes k and l if the arguments are 
simultaneously transposed: f; x (t1, T2) = fik (T2, T1). The tensor £; ,, therefore has the 
Same type of symmetry: 

Ei, u (O1, W2) = Ei, w (02, ©). (108.3) 


In particular, when w, = œ, the tensor is symmetrical in the last two suffixes: ~ 
Ei kl (w, @) = Ei, (©, w). (108.4) 


Moreover, since the functions f, ,, are real, as follows from the definition (108.1) with real E 
and D, we have a 
Ei ul — 4, —W>) = Eg (01, (>). (10 - 


The permittivity (108.2) arises naturally in the consideration of monochromatic fields Or 


; ; l 
superpositions of these. In non-linear expressions such fields must of course be put 1m e 
form. For example, if E is a monochromatic field with frequency œw. we must write 
= re{E,e 7 *"}, and substitution in (108.1) gives 


D” (t) = $re{enu (œ, w)e 7 Eo Eo. + Eiki (œ, —w)EoEor }- (108.6) 


+ Spatial dispersion is neglected throughout this chapter. 
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This includes vibrations with twice the frequency (as well as a constant term corresponding 
to the frequency œw — w = 0). In the general case, £; ,,(@,, @2) describes the contribution to 
the induction that is proportional to exp(—iw,t) with w, = œ; + %3. 

We shall discuss below only non-dissipative media, and refer to them as transparent, 
although they are not literally such (for waves of a given frequency), because of the possible 
transfer of energy to other frequencies. We shall also suppose that the medium has no 
magnetic structure. 

First of all, we shall show that under these conditions the non-linear permittivity is real. 

This could be seen directly by expressing the components of the non-linear susceptibility 
tensor in terms of the matrix elements of the electric dipole interaction between the 
medium and the field, which acts as a small perturbation; the second-order susceptibility 
appears in third-order perturbation theory.} However, the reason why the result of such a 
calculation is real can be understood without actually doing it. The complete set of wave 
functions with respect to which the matrix elements are calculated may be chosen as real 
(for a medium having no magnetic structure, and therefore invariant under time reversal). 
The operator of the field interaction with the electric dipole moment of the medium is also 
real. Thus imaginary terms could occur only as a result of passing round poles due to the 
energy denominators in perturbation theory. However, the absence of dissipation in the 
medium signifies that none of the field frequencies coincides with a difference of energy 
levels in the system (or that the residues at the poles are zero because of certain selection 
rules); it is therefore unnecessary to pass round poles. 
The transparency of the medium also gives rise to particular symmetry relations for the 
tensor £; ,,. These also could be deduced from specific expressions obtained in perturbation 
theory. Here again, however, the required result can be derived in a simpler manner. To do 
O, we assume that the field in the medium is the sum of three almost monochromatic fields 
with incommensurate frequencies w,, @2, @3: 


E = E, + E, + E, 













(108.7) 


and w, = w, + w,. We shall suppose that the fields with frequencies w,,@ ,@ are created 
Dy external sources which are afterwards switched off; the slight non-linearity of the 
Medium causes their amplitudes E,, etc. to be slowly varying functions of time. 

~ This slowness allows Maxwell’s equations to be written down for the field of each 


tundamental frequency separately. In turn, these equations give in the usual way the energy 
Conservation equation 


1 eT ia n C E, 
z (ŒD, +H, "H, ) + div (E, xH, ) =0 


and similarly for suffixes 2 and 3; D, denotes the part of the induction D which contains the 
factors e+‘! and the bar denotes averaging over time (which will be needed later). On 
integration over the whole volume of the field, the divergence term vanishes, leaving 


OO 
aq EnD, +H, ar = 0. 


t These calculations are analogous to, though considerably more laborious than, that of the linear generalized 


Susceptibility in second-order perturbation theory (see SP 1, §126). 
eee 
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If we now separate explicitly in D, the terms linear and non-linear in E: 
D, =D,+D,. 


then the former together with H, -H, give d X, /dt, the time variation of the field energy at 
frequency w,. This variation is consequently determined by 
dH, 1 


Ape ae re {Eo 67t} -D, dV. (108.8) 





Here the derivative ôD, /ðt is to be expressed in terms of the field by (108.1) and (108.2). 
The time averaging reduces to zero all terms except those in which the exponential factors 
cancel. Repetition of the calculations for the other frequencies gives finally 








dY iw 

T 1 — “et faalo 2) E93," Eo1kEou dV FCC, 
dU iw 

dt = Fee [anen —~02)Eo3:* Eo, Eo2dV + c.c., (108.9) 
dU, ba IW) 3 





a ae (@1, Wz) Eo3;* Eo1rEou dV + c.c., 


where c.c. denotes the complex conjugate. The property (108.3) has been used in these 
calculations. 
The total rate of change of the energy at all three frequencies is 
dY dU, du, d? 


dt dt dt dt ` 














(108.10) 


In a non-linear medium this sum need not in general vanish exactly, because of the possible 
transfer of energy to other combination frequencies such as w, — @, or w, + wz: However, 
the fields at the frequencies œ, œ, œ, arising from the external sources do not depend on 
the degree of non-linearity, and need not be small, unlike the fields at other frequencies, 
which occur only because the medium is non-linear. The contribution of the latter to the 
energy balance may therefore be neglected, and the condition that the sum (108.10) be zero 
imposed. Moreover, since such a medium is a non-linear system with only three 
frequencies, we can apply to it the Manley-Rowe theorem in the simple form (107.7). In the 
notation used here, the relations are 


1 d7, Ea 1 d%, Wara 
©, dt œw d © œ d o n l 











Substitution of (108.9) shows that the non-linear permittivity satisfies the following 
important symmetry relationst: 


E; u (015 w2) = Ex a(l — 03, w) = E1 ki (15 — 0,4) (108.11) 


(J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, 1962). The symmetry 


i í : i d 
+ Itis important to note that the complex amplitudes are arbitrary; the complex conjugate terms in (108.9) an 
(108.10) are therefore independent and can be equated separately. 
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expressed by these equations becomes more obvious if the tensor components are given a 
third argument so that the sum of all three is zero: 


E; a (—@3; wi, 02) = Ep (1; — 03, W2) 
= & ki (2; W1, — W3) 
= £; (— 03; %2, W1); 


the last equation is (108.3). If we agree to relate the three successive argument frequencies 
to the three successive tensor indices, we can permute the latter in any manner, provided 
that the arguments are similarly permuted. 

The requirement that dissipation be absent would by itself lead only to a weaker 
condition, that the sum (108.10) be zero: 


WE; (1, M2) — (Ey al — W3, 2) — 02E; ki (1, —03) = 0. (108.12) 


The above derivation cannot be applied directly when w, = œ, = œ, since the 
Manley—Rowe relations then reduce to just the conservation of the total energy. The 
equation 

E; u (0, @) = Ex, a(— 20, @) = & ,;(@, — 20) (108.13) 


can, however, be derived simply on grounds of continuity by taking the limit of (108.11). 
If both frequencies œw, and œ, tend to zero, the tensor £; becomes completely 
symmetrical. This symmetry expresses just the fact that in the static case the induction D 
can be found by differentiating the free energy with respect to E: D; = — 4nôF/2E;, and so 
OD;/CE,, = ĉD,/0E;. This shows that £; , is symmetrical in the suffixes i and k, and 
therefore in all three suffixes. 
If only one of the frequencies is zero, the relations (108.11) give 


E; u (œ, 0) = & ,;(@, — 0), (108.14) 
and 


Ei, u (%0, 0) = £x, a (— %, 0) = & a (%0, 9); (108.15) 


by (108.5), the real functions E, a (œ, 0) are even functions of œ. The tensor £; ,,(, 0) 
describes a linear electric—optical effect, the change in the permittivity of the crystal in a 
Static electric field, and it is therefore the same as the tensor a,,, defined in (100.4): 


Ej u (©, 0) = Giu lo); 


from (108.15), it is symmetrical in the suffixes i, k, as it should be. The tensor £, ,;(@, —@) 
describes another effect, the presence in the medium of a static dielectric polarization 
Proportional to the square of the applied weak periodic field; compare the second term in 
(108.6). The equation (108.14) thus states the relation between these two effects. 

By similar arguments using the non-linear Susceptibility, which is a “cross” between 
electric and magnetic quantities, we could recover the relation between the magnetic— 
Optical Faraday effect and the magnetization of a medium by a rotating electric field, as 
given by (101.15) and (101.25). i 

As already mentioned, for media invariant under spatial inversion, there is no second- 
Order non-linearity. In such cases, the non-linear effects begin with the cubic terms in the 
expansion of D(E). The corresponding third-order non-linear permittivity is a tensor of 


rank four, a function of three independent frequencies, Ei, kim (1, %2, %3). Its symmetry 
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properties are exactly analogous to those of the second-order permittivity tensor: if we 
define a fourth frequency w, = w, +@, +, and write it as £; 43,(—@43 @1, @2, M3), then 
the suffixes can be permuted in any manner if the four arguments are permuted similarly. 

The third-order non-linearity may be important even when there is quadratic non- 
linearity, owing to the specificity of the effects it causes. 


§109. Self-focusing 


In this section we shall discuss optical effects arising from the non-linear variation of the 
field at the primary wave frequency. That is, we consider the non-linear contribution to D 
at the frequency w of the monochromatic field E. In the quadratic terms there is no such 
contribution, as they contain only the frequencies 2w and zero. The first non-zero effect 
comes from the cubic non-linearity and occurs in terms having the form EEE* (frequency 
w+- w = w). 

In the rest of this section, the medium (liquid or gas) will be assumed isotropic. The 
relevant third-order terms in the induction then have the general form 


D® = o(w)|E}2E + B(o)EZE*: (109.1) 


they involve two independent coefficients, which in a transparent medium are real even 
functions of the frequency. This number of independent coefficients is in agreement with 
the symmetry properties of the tensor €; ,,,,(—@; —@, w, w). With these values of the 
arguments, the tensor is symmetrical in the pairs of suffixes i, k and l, m; in an isotrovic 
medium, such a tensor has two independent components. In the low-frequency limit, as 
noted in §108, the tensor must be symmetrical in all suffixes, and in an isotropic medium 
therefore proportional to the combination 6,6), + 5;O%m + mg. This means that 


a(0) = 2f(0). (109.2) 


The expression (109.1) can be simplified in the case of a linearly polarized field E. With 
this polarization, the complex vector E reduces to a real vector multiplied by a common 
phase factor; the expressions |E| E and E*E* then become 


D? = (a+ P)IEIE. (109.3) 


A similar simplification occurs when the field E is circularly polarized; then E? = 0, and 
(109.1) reduces to 
D® = a|E|*E. (109.4) 


In either case, the induction is polarized in the same way as E. In the general case of 
elliptical polarization, however, the directions and ratios of the principal axes of tne ellipses 
are not the same for E and D”. pe 

The relation D = D® + D® = cE + D®, where e(w) is the ordinary linear permittivity. 
must be substituted in Maxwell’s equations, which are to be written (eliminating the 
magnetic field H) as 


1 2D 
curl curl E to ma = 0, (109.5) 
c* Ot 


div D = 0. (109.6) 


It is important that these non-linear equations allow an exact solution as a monochro- 


| 
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matic plane wave, 
E = Epek t-on (109.7) 


with linear or circular polarization: for such waves |E|? = |E,|?, so that formulae (109.3) 
and (109.4) are of the same type as in the linear case with the permittivity depending on the 
field amplitude; we can therefore take the real part after solving the equations. The relation 
between D and E in these cases will be written as 


2e? 5 
D= e +z lEol E, (109.8) 


with the notation (which will later be convenient) y = œ? (a + f)/2c? for a linearly polarized 
wave or y ='œ°a/2c° for a circularly polarized one. 
Substitution of (109.8) in (109.6) gives div E = 0, the field remaining transverse as in the 
linear theory. When this is taken into account, the substitution of (109.7) in (109.5) yields 
the dispersion relation 































k? = w*e/c? + 2n|E,|?. (109.9) 


The phase velocity w/k now depends on the wave amplitude as well as on the frequency. 
If 7 > 0, the phase velocity decreases with increasing amplitude, and we have a focusing 
medium (the significance of this term will be explained later). If 7 < 0, the phase velocity 
‘increases with the amplitude, and this is a defocusing medium. 
| The use of the non-linear relation (109.1) presupposes, of course, that there is only slight 
‘non-linearity: the higher-order terms must be small in comparison with the terms in D®?. 
Qualitatively new effects may arise by the “build-up” of non-linearity effects over long 
| intervals of time and over large distances. A natural formulation of the problem here is to 
consider an almost monochromatic wave, 


E = E, (t, retox— 0), (109.10) 


Where E, (t, r) is a slowly varying function of time and coordinates, which has only a slight 
felative change over times ~ 1/w and distances ~ 1/ky. The wave vectors that occur in the 
Fourier expansion of this field are distributed over a small range of values about the vector 
ko, which is in the x direction and whose magnitude we regard as related to w by 


ko? = we(w)/c?, (109.11) 


as in the linear theory. We now derive an equation for E(t, r). 
First of all, we note that in (109.5) grad div E is negligible in the term curl curl E = 
grad div E — A E: by (109.6), the divergence of the field is 


div E = —n(2c*/ew?)Ky - grad|E,|?: 


l is thersfore non-zero only through the derivatives of the slowly varying function Eo, and 


4 is additionally small because the non-linear terms are small; such quantities are 
Negligible. We thus have 


"e Pe , CE 
curl curl E > — AE ~ |r? Ey — 2ik, = — ABs | gilko- ~ot) 
Where A, = é?/6y? + 07/627; the term in the sec 


It does not contain the large factor k,. The trans 
comparison with the longitudinal ones. 


ond derivative ¢*E, /€x? is omitted, since 
verse derivatives, however, may be large in 
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The calculation of 67D"/ét? is similart to the derivation of (80.10) and gives 


1 DYP 1 _O(@*e) OE, | an 
a g | ooe, Tae =| a 
ke O Eai a 
= (ke E,+2i = a) gilkorr ai 


with the group velocity u defined by 
1 _ dko _10@/2) 


u dw c ĉw (109.12) 
In the derivative of D®, it is sufficient to retain the term 
1 2D 
hae oan > — 2n(@)|Eo|7E, 
neglecting the term in the small derivative CE, /ôt. 
Substituting these expressions in (109.5), we have finally 
0 ld i my 
iko | =- +- = } Eo = —3 41 Eo — ylo)|Eo | Eo- (109.13) 
Ox uct 


The combination of derivatives on the left expresses the fact that the amplitude 
perturbations are transmitted in the direction of propagation of the wave, at the group 
velocity. 

With this equation, we can examine the stability of an infinite plane wave described by 
the exact solution (109.7), (109.8) (V. I. Bespalov and V. I. Talanov, 1966). We shall see that 
the wave is unstable in a focusing medium.} 

According to (109.9), in the exact solution (109.7) k = kọ +nEpo7/ko, with kọ from 
(109.11); in a linearly polarized wave, the amplitude E, may be defined as a real vector. 
Hence, if we write the wave (109.7) in the form (109.10), we must pui in the latter 
Eo (x) = E, exp(ixy Eo?/ko). This acts as the amplitude of the unperturbed wave. We shall 
consider the steady-state problem of the spatial evolution of perturbations along the 
direction of propagation of the wave. Accordingly, the amplitude of a wave subject toa 
small perturbation is written 


E,(r) = {Eo + 6E(r)} exp(ixyE7/ko). (109.14) 


We shall assume that ôE is parallel to Eo. 
Substitution of (109.14) in (109.13) gives 


ikyO5E/Ox = —4 A ,6E—nE (SE + 6E*). (109.15) 
We put 
SE = Aella1 +1) 4 B*e- Ïr +y) (109.16) 


where q is a vector in the yz-plane. Substituting this expression in (109.15) and collecting 


t The only difference is that here f= 07é/0t?, f(w) = ~w elw). 
t This was earlier noted by R. V. Khokhlov (1965). i 
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the groups of terms in exp{+i(q-r+/x)}, we obtain the two equations 
3q° —nEg’ + koy)A—nE,’B = 0, 
—nE,’ A + (g? — Eo’ — koy)B = 0. 
| The condition that their determinant be zero gives 


y = + (q/2ko)/ (4? — 4E o’). 



































When n > 0 and 
q? < 4nE,’, (109.17) 


y is imaginary, so that dE in (109.16) contains an exponentially increasing term, and the 
f wave is therefore unstable. The maximum instability growth rate is of the order of the non- 
linear correction to the wave vector. 

One manifestation of this instability is the self-focusing of a light beam of finite width 
propagated in a focusing medium. The phenomenon occurs because, if the field amplitude 
decreases from the axis to the periphery of the beam, the permittivity of the medium (which 
depends on the amplitude) also decreases in that direction (if y > 0), and the medium 
behaves as a focusing lens (G. A. Askar’yan, 1962). The behaviour of the beam is 
determined by the interplay of two opposing tendencies, namely this focusing and the 
broadening due to diffraction. 

We shall show, first of all, that these tendencies may cancel out, in the sense that 
(if y > 0) equation (109.13) has a solution in the form of a steady beam that undergoes no 
broadening. This self-channelling is a specifically non-linear effect. In the linear theory, any 
beam with a finite cross-section is broadened by diffraction. We shall take only the one- 
dimensional case where the field E depends only on one transverse coordinate y and is 
polarized in the z-direction and propagated in the x-direction.} An analytical solution can 
then be obtained (V. I. Talanov, 1965). We here ignore the fact that a beam of infinite width 
(in the z-direction) is certainly unstable, because perturbations with small q, can occur in it, 
which are unstable by (109.17). 

We write 

Eo, = F(yje™ (109.18) 
with a small quantity x which acts asa correction to the wave number kọ. The function F(y) 
IS real. Substitution in (109.13) gives for it the equation 


30°F /dy? = kok F —nF*. (109.19) 
The first integral is 
2(dF/dy)? — kgkF? +4F* = constant. 


We are interested in the solution for which F and dF /dy tend to zero as |y|— ©. 
Accordin gly, we take the constant to be zero, anda straightforward integration then gives 


F = (2k,k/n)!? sech [(2kox)!’?y], (109.20) 
Y being measured from the centre of the beam. The width of the beam in the y 


0 ~ (kok) */? ~ 1/./nF (0). 


-direction is 


+ Under these conditions, the term grad div E, neglected previously as being small, is identically zero. 
—_——— ee 
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Since the energy flux along the beam is W ~ E? (0)ô, 6 is proportional to 1/W and the 
beam becomes narrower as the power carried by it increases. 

A self-channelled beam of this kind is a special case where the focusing properties of the 
medium are exactly balanced by diffraction. Other beams may either diverge or converge. 
First, let us derive a qualitative criterion for self-focusing of an actual beam with a finite 
cross-section (R. Y. Chiao, E. M. Garmire, and C. H. Townes, 1964). This can be done 
immediately by using the instability condition (109.17). In a beam with characteristic 
radius R, perturbations can occur whose wavelengths transverse to the beam axis are less 
than R, i.e. for which q Z 1/R. The condition (109.17) gives the upper limit of q values 
which lead to instability. The beam will therefore be unstable with respect to focusing if 


E R? Z 1. (109.21) 


The power carried by the beam is the product E? R?. The critical value of this power 
beyond which self-focusing begins is independent of the cross-sectional area of the beam. 
It is also possible to establish an exact (not just order-of-magnitude) sufficient condition 
for self-focusing of a beam (S. N. Vlasov, V. A. Petrishchev, and V. I. Talanov, 1971). 
For a steady linearly polarized light beam, but with no initial assumptions about the 
dependence on x, the equation for the function Eo (x, p) is 


ik, OE) /@x = —4A , Ep — 11E? lEo, (109.22) 


p being the two-dimensional position vector in the yz-plane, in which the differentia! 
operators /\, and grad, act. It is easy to verify that this equation gives 


O|E,|2/0x + div, j = 0, (109.23) 


where 
j = (i/2k9)(Ep grad, E,* — E,* grad, Eo). 


Hence, in turn, it follows that the integral 


N= | [Eol dp (109.24) 
is “conserved” (i.e. independent of x), as is ` 
é = at | {|grad, Eol? —n|Eo|*} d*p, (109.25) 


a result which is derived immediately by differentiating with respect to x and using (109.22). 
We assume, of course, that Ey decreases sufficiently rapidly as p > æ, SO that both 
integrals, as well as (109.26) below, converge.t é 
We will show that the behaviour of the beam is determined by the sign of the integral é. 
When & > 0 the beam is divergent on average; when & < 0 it is focused. The proof is bas¢ 





; EE ` : -nger S 
+ As regards the derivatives present, equation (109.22) is similar to the two-dimensional Schröding i 
equation, with x in place of the time. In this analogy, N and & act as the particle number and the energy. Then 


linearity of this equation does not affect the derivation of these conservation laws. i 
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on a simple equation that can be derived for the mean beam radius R defined by 


o 


1 
RP =5 | p? |E]? d2p. (109.26) 


~ œo 



























To derive this, we write, using (109.23), 
d ae 3 
E | [Eol p*d*p = - [aiv jpe? =2 fi -pd’p. 


Differentiating again with respect to x, we substitute CE, /0x from (109.22) and integrate 
twice by parts, obtaining Nd? R?/dx? = 4 &. Hence 


R? (x) = 26 (x —x9)?/N + Ro?, (109.27) 


where x, and Ro are constants. We see that, when & < 0, complete focusing of the beam is 
attained at a finite distance in the direction of propagation, its radius R becoming zero.t 

This result, derived with the approximate equation (109.13), cannot have a literal 
physical significance near the focus itself, where the assumptions made in obtaining that 
equation are invalid. We need only mention that, when the field energy density increases 
without limit in exact focusing, there is no justification for retaining only the lowest (the 
third) power of the non-linearity. However, the possibility of self-focusing of the beam, to 
Such an extent that the non-linearity is no longer small, is important. It should be 
emphasized that the condition derived is sufficient but not necessary. A beam with & < 0 
certainly undergoes complete focusing, but the divergence on average of a beam with 
é 20 is not inconsistent with the focusing of some internal part of it. 


$110. Second-harmonic generation 


_ In §107, only some general relations have been considered which relate to frequency 
transformation processes characteristic of non-linear optics. We shall now describe the 
quantitative theory of a typical process of this type, namely second-harmonic generation, 
Le. the excitation of an electromagnetic field with frequency 2w by one with frequency œ 
(R. V. Khokhlov, 1960; J. A. Armstrong, N. Bloembergen, J. Ducuing and P. S. Pershan, 
1962). 

_ Second-harmonic generation is a non-linear second-order effect. It resides in the non- 
linear susceptibility tensor 

Ei, u (— 2@; w, w) (110.1) 


and therefore does not occur in media which allow spatial inversion. The tensor (110.1) is 
Symmetrical in the suffixes k and I; its symmetry properties in various crystals are the same 
as for the piezoelectric tensor (§17). We shall assume that there is no absorption in the 
Medium, so that the £; ,, are real quantities. 

The problem of second-harmonic generation may be stated as follows. Let a 
Monochromatic plane wave of frequency œ be incident on the plane surface of a crystal. As 


Ee P 2 ee 

+ Ifthe distribution of [Eol over the beam Cross-section is unchanged along the beam, then R? = constantand 
€=(. The converse is not necessarily true, however: there may exist solutions with & = 0, so that 
R = constant, but with the distribution depending on x. 
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well as the reflected and two (in a doubly refracting crystal) refracted waves with the same 
frequency, a reflected wave and refracted waves with frequency 2@ are also formed. The 
waves with this frequency in the crystal constitute the solution of equations (109.5) and 
(109.6), in which the non-linear term D™ in the induction is to be expressed in terms of the 
fundamental wave field. The amplitudes of all these waves are expressed in terms of the 
incident wave amplitude by means of the boundary conditions, which will not be discussed 
here. The amplitudes of the waves with frequency 2w are, of course, small in proportion to 
the non-linear susceptibility. 

The refracted waves are propagated into the crystal as if it were infinite. The non- 
linearity effects build up during this process, and the harmonic intensities may become 
large, with energy transferred to them from the fundamental frequency. This is the process 
to be considered here. The conditions at the crystal surface then act only as “initial” 
conditions which specify a small but non-zero amplitude of the second-harmonic field. The 
same conditions specify, for a given direction of the incident wave, the wave vectors k, and 
k, of the first and second harmonics in the crystal. 

It will be seen later that an effective energy transfer occurs only if the synchronism 
condition holds for the fundamental and the harmonic: 


k, = 2k. (110.2) 


It should be emphasized that the presence of dispersion is of fundamental importance in 
formulating the problem of the generation of just one second harmonic. When dispersion 
is absent, the condition (110.2) is necessarily satisfied in refraction, as well as similar 
conditions for the higher harmonics also (k, = 3k,, and so on). When dispersion 1s 
present, this is not so, and it can be assumed that if the synchronism condition is satisfied 
for the second harmonic it is not satisfied for the others. It should be emphasized that the 
condition (110.2) itself can in practice be satisfied only if the fundamental wave and the 
harmonic have different types of polarization and therefore different dispersion relations. 
The field in the medium may be written as a superposition of two waves: - 


E= E, + E, = re [e, E pert- eE spent ], (1 10.3) 
where, according to the condition (110.2), 
k, = 2k,+4q (1104) 


with q < kı. The wave amplitudes are written as products Ep = eEo, with e a unit 
polarization vector (e-e* = 1). In the linear approximation these amplitudes would be 
constant; when the non-linearity is taken into account, they are functions of the 
coordinates which vary only slowly (i.e. only slightly over distances ~ 1 /k,). 

The equations for the amplitudes of the two waves are found by substituting (110.3) m 
Maxwell’s equations (109.5), (109.6), and collecting terms with the same time dependence. 
We shall not go through these straightforward but laborious calculations in detail, but g1V¢ 
only some comments on fundamental points. 


+ The calculation of the reflection and refraction conditions at the boundary of a non-linear medium !5 
discussed for several particular cases by N. Bloembergen and P. S. Pershan, Physical Review 128, 606, 196 

t The nature of this condition is particularly clear from the quantum standpoint, the second-harmon” 
generation being regarded as a “fusion” of two photons into one. The equation hk, = 2hk, expresses the fact tha 
momentum is conserved in this process. 


i 
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We shall seek solutions describing the steady generation of the second harmonic in the 
crystal by a travelling fundamental wave. Such solutions are independent of time. With 
exact synchronism (q = 0) the equations for the amplitudes would not explicitly contain 
the coordinates at all; with inexact synchronism, the coordinates appear only as q -r in the 
factor e~ "9". Taking the direction of q as the z-axis, we can therefore look for solutions that 
depend only on z. With the above formulation (a wave œ incident on the surface of the 
crystal), the problem is homogeneous in planes parallel to the surface. The z axis is 
therefore perpendicular to the surface; the vector q necessarily is so also, according to the 
boundary conditions. 

In the linear approximation, waves in an anisotropic (non-gyrotropic) medium are 
linearly polarized (see §97); for these e can be defined as a real vector, and such will be 
understood here by e, and e, for the two waves. If the amplitude Eo of each wave is resolved 
along the directions of e, k and e xk, then the components in the two latter directions are 
small because the derivatives dE, /dz (which appear as a result of the non-linearity) are 
small. The components along e are approximately equal to the magnitudes Ey. Equations 
for them are obtained by multiplying equation (109.5) by e, and by e,. Since waves with Eo 
= constant are exact solutions of Maxwell’s equations in the linear approximation, the 
linear terms in these equations that do not involve derivatives with respect to z cancel out. 
The terms involving the components of E, in the directions of k and e xk, which might be 
of the same order as those containing the derivatives dE, /dz, are found to disappear when 
the multiplication is carried out; this occurs because the induction D is orthogonal to both 
k and exk (see (97.3)). 

Since the amplitudes are assumed to vary only slowly with the coordinates, we can 


neglect the second derivatives of E, with respect to z. Hence, for example, the expression 
2 


4w . 
€2; (curl curl),, re Pa Eik 2o) Er EG gike a 
in the equation for E, multiplied by e,, becomes approximately 
2ie, ` [k, x(IXe,) JdE,,/dz, 


Where I is a unit vector in the z-direction, and similarly for E}. 
The final equations obtained by these procedures are 


2d E,9/dz = — ine" E 0°, l (110.5) 
ara E eniz = ie FE oE 
with the notationt 
i= (w7/2c7)é; u (0, W)ez:€1kl1 ie 
a, =1-[e, x(k, Xe, )]} (110.7) 
az = ĝl- [e x(k, Xe,)] = I- le, x (k; Xe, )]. 


Multiplying the first equation (110.5) by E,.* and the second by E,, and adding, we 
Obtain a first integral: 


ai lEi0l? feet lE SI = constant = P. (110.8) 








t The first equation (110.5) is derived from the terms in e~2i* 


- , and the second from those in e**. The relati 
(108.13) have been used on the right-hand sides, relations 
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This expresses the fact that the total energy flux in the two waves in the z-direction is 
constant.T 

It is now convenient to change from complex quantities to real ones, namely the absolute 
values and phases of E,, and E,.. To make the equations as simple as possible, we define 
new unknowns /,, P2, $1, 2 as dimensionless quantities by 


E10 = (P/a) p16, Ez = (P/a) p26". (110.9) 


The equations (110.5) are invariant under the transformation @, > pı +c, 2 > $2 + 2c. It 
is therefore possible to separate the equations for the functions p,, p2 and the invariant 
combination 2, — ġ,, to obtain a closed set of equations 


dp,/d€ = —p,p2sin0, dp,/dl = p,” sinO, (110.10) 
d6/dt = —s—(2p,—p,7/p2) cos 8, (110.11) 
where 
0 = 2¢, -b2 — SÅ, (110.12) 
the dimensionless variable 
C = zn, (P/a,?a), (110.13) 
and the dimensionless parameter 
s = (g/n)x/ (o4202/P). (110.14) 
The first integral (110.8) then becomes 
po m =h (110.15) 


Let us consider the case of exact synchronism, where q = 0 and therefore s = 0. Then 
equations (110.10) and (110.11) have another first integral 


p,2p,cos @ = constant = ð, i (110.16) 


where 62 < 4/27, as is easily seen from equations (110.15) and (110.16) and the conditicn i 
icos @| < 1. With these two integrals, the solution of equations (110.10) is reduced to 
quadratures, in the form of the elliptic integral 


px% i 
du 
= 44 Ea 110.17) 
s= 2 [u(1 — u}? — 8? P’? l 
px 0 
the choice of sign depends on the sign of the initial value of sin@ for ¢ = 0. The cubic 
equation 


+ The time-averaged energy flux density in the E, wave is 
S,, = crel- [Eyo* * Mio 1/82 
= c71-[E,o* X (k; X E10) /82@ 
= c7a, |E10|7/8"@, 


and similarly for the E, wave. 
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has (when 67 < 4/27) three real positive roots, two of them less than unity, which we denote 
by p,” and p,” with p,? < p,”.t The function p,*(¢) defined by (110.17) varies periodically 


between these values, the period being 
Pi? 


du 
[u(1 — u)? — §2 o 
Ps 
The function p,7(0) = 1 — p3? (0) varies similarly, one being a minimum when the other is a 
maximum. 

The value p,” is to be identified with the second harmonic p,*(0) given by the boundary 
conditions at the crystal surface (z = 0). We see that, in the z-direction into the crystal, 
there is a periodic transfer of energy from the fundamental to the second harmonic and 
back. When p,(0) decreases, the period of this process becomes longer, tending 
logarithmically to infinity as p,(0) — 0. The limiting value p,(0) = p, = 0 corresponds to 
the solution 


(110.19) 





























pı =sech¢, p,=tanh{, (110.20) 


which is obtained from (110.17) for 6 = 0 by elementary integration; in this solution, the 
second-harmonic amplitude increases monotonically, and as ¢ > œ all the energy is 
asymptotically transferred from the fundamental to the harmonic. 
Let us now consider the opposite case where the amplitude p, remains everywhere small 
in comparison with p,. We shall see that this corresponds to a considerable loss of 
synchronism of the waves. 

When p, < p,, we can as a first approximation regard p, as a constant p, (0), and write 
the equations for p, and 0 as 


dp,/do = p,7(0)sin@, d6/dt = —s+ [p,7(0)/p,] cos 8. 
The solution of these equations that is zero at the initial point ¢ = 0 is 
p2(0) = (2/s)p,?O)singsl, 6 =3n—3S¢. (110.21) 


ese give the variation of the field over one interval 0 < ¢ < 2n/s (i.e.0 < x < 27/q), after 
Which the process is repeated periodically.t The condition p, <% p, signifies that we must 
have p,7(0)/s < p,(0), i.e. s > p,(O), or 


GZ > l. Zo ~ 1/np1(0),/P. 


This is the condition for a comparatively large loss of synchronism. The value of g 
determines in all cases which effect limits the generation of the harmonic (i.e. the increase in 
the amplitude p,)}—-whether it is the linear effect of loss of synchronism when gZ > 1, or 
the non-linear effects when gz, < 1.§ 

Hitherto in this section, we have everywhere referred to second-harmonic generation 
from the fundamental frequency. The equations also describe the converse effect, however, 





+ Between these roots, the polynomial on the left of (110.18) has a maximum at u = 4, equal to 4/27 — 6”; when 
6? = 4/27, this is zero, two real roots coincide, and they disappear for larger values of 6. 

+ In each successive period, z is to be added to the constant term in the phase variable 6. At the point where 
p, = 0, the phase $2 has no meaning and the phase difference 0 may have a discontinuity. 

§ The whole of this discussion is based on the assumption that q < k, . This condition has been fully utilized in 
deriving-equations (110.5), which do not involve the small parameter q/k, . In dealing with the case qz, > 1, of 
course, we assume that it 1s compatible with the condition q<k,. 
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namely the parametric amplification of a weak signal with frequency œ in the field of strong 
radiation with frequency 2w. Here we shall consider only this one process, but it is the 
simplest case of a more general phenomenon, the amplification of signals with different 
frequencies œw, and @,—q@, in the field of a strong wave with frequency QO, 
(S. A. Akhmanov and R. V. Khokhlov, 1962; R. H. Kingston, 1962). 

We should first of all emphasize the following difference between this process and 
second-harmonic generation. The latter can begin from zero intensity of the harmonic. The 
amplification of the fundamental, however, depends on a non-zero initial intensity of it, 
however small: if p,(0) = 0 at the starting-point, then it will remain so, for equations 
(110.10) show that the derivatives of p, and p, of all orders vanish with p,. 

Let us again consider the case of exact synchronism, and in addition let the initial value 
of the phase variable be 0(0) = — 47; with exact synchronism, this value will be maintained. 
Then 6 = 0 since cos 0 = 0, even though the initial values of p, and p, are not zero. The 
solution of equations (110.10) in this case is 


pı = sech (¢ — o), P= —tanh(f—Z,), (110.22) 


where ¢o > Oisaconstant. When {o is large, the initial value p, (0) = sech C, is small. We see 
that the fundamental frequency waves are amplified in the z-direction into the crystal, at 
the expense of the harmonic intensity. The latter decreases to zero at € = Čo and then 
increases again until asymptotically the whole intensity is concentrated in the harmonic.t 


§111. Strong electromagnetic waves 


The formulation of the problem in §110 in terms of the generation of just one particular 
harmonic was dependent on the presence of dispersion. Let us now consider the opposite 
case, where dispersion may be regarded as absent throughout the relevant range of 
frequencies, so that the induction D(t) at every point is determined by the value of E(t) at 
the same instant.f We shall regard the medium as isotropic; D and E are then parallel. In 
the present section, the non-linearity is not assumed small, and, the function D(E) is. 
therefore arbitrary. 

Neglecting absorption and dispersion is of fundamental significance, in the sense that 
the field equations then involve no parameters having the dimension of frequency Of 
(equivalently) of length. This makes it possible to construct an exact solution which 
generalizes the usual one-dimensional plane wave of the linear approximation (A. V. 
Gaponov and G. I. Freidman, 1959).§ 

Let the wave be propagated in the x-direction, the electric field be in the y-direction, and 
the magnetic field be in the z-direction; E, and H, will be denoted simply by E and H. 
Maxwell’s equations 

cD 1 cH 


1c 
curl H =- =>, curl E = err 


t When { > Čo, the phase variable is to be given the value 0 = 4x, and the sign of the hyperbolic tangent m 
p2(¢) changed. l i 

‘t ‘For uniformity of exposition in this chapter, we shall continue to refer to a non-linear relation between D 

and E, assuming the medium non-magnetic. Actually, the phenomena in question usually relate to media with 4 


non-linear dependence of B on H. i : ; : 
§ This anaes is analogous to the simple waves in one-dimensional flow of a compressible fluid (see 


FM, §94). 
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become 
OH 10D &ðE CE 10H 


ôx cet ec Ot’ ôx côt’ 





(111.1) 


where by definition 
e(E) = dD/dE; (111.2) 


As E > 0, e(E) tends to the ordinary permittivity £o. 
We shall seek a solution in which the functions E(t, x) and H(t, x) may be expressed as 
functions of each other: H = H(E). Equations (111.1) may then be written as 


sgl CL LOUCE ie 3 
cô “dE dx” ° cdE ôt ôx a 
Tn order for these two equations to be satisfied by non-zero values of the unknowns CE/ct 


and CE/0x, their determinant must be zero. From this condition, (dH/dE)* = (E), and so 
E 

H=+ | ./e(E) dE. (111.4) 
0 


Now substituting dH/dE from (111.4) in one of the equations (111.3), we have 


(GE/ét), (ax _ 
~ (@E/ex), =), e 


Hence x + ct/,/ e may be any function of E. Denoting the inverse function by f, we have 
E = f(x ¥ct/,/e(B)); (111.5) 


the two signs here correspond to the two directions of propagation of the wave. When the 
function f has been chosen, (111.5) determines implicitly the function E(t, x). In weak 
fields, when we can take £ = £p, (111.5) becomes an ordinary plane wave with phase velocity 
y./ E>. The solution found exists only for € > 0, in accordance with the stability condition 
(18.8).+ 

As the wave is propagated, the profile which it has at the initial instant becomes 
distorted, since different parts of it move at different velocities. Usually, e(E) decreases with 
increasing E, and tends to saturation. Then the points on the profile where E is greater will 
travel at higher speeds, so that the slope of the forward front becomes steeper; Fig. 60 
shows the profile at successive times. At some instant, the profile turns over and would then 
have to become no longer one-valued. In reality, at this instant an electromagnetic shock 














Fic. 60 


a The derivation given mae cee that the density, temperature, etc. of the medium are not affected by the 
eld oscillations. This is justine th by the smallness of the striction effects and by the largeness of the wave 
Propagation velocity relative to that of sound. 
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wave (a discontinuity of E and H) is formed. The boundary conditions at the discontinuity 
have the same form (76.13) as on any moving surface. For a transverse plane wave they are 


H,—H, = v(D,—D,)/c, 


(111.6) 
E,—E, =v(H,—H,)/c, 

where the suffixes 1 and 2 denote the values of quantities before and behind the front 
respectively. Multiplication of these two equations gives for the shock wave velocity 


v? = (E, — E,)/(Dz — Dj). (111.7) 

In a shock wave there is dissipation of energy. Let Q be the rate of dissipation per unit 

area of the discontinuity surface. To calculate Q, we write the law of energy conservation 

for a cylindrical volume element in the medium with one end on each side of the 
discontinuity: 

C(E,H,—E,H,)/4ax = o(U,—U,)+@. (111.8) 

The left-hand side is the difference of the energy fluxes through the two ends; the right- 

hand side is the sum of the rate of change of the internal energy through the movement of 


the boundary of regions 1 and 2, and the energy dissipated at the boundary. The difference 
of the internal energies is (for constant density and temperature) 


D, 
1 1 5 3 
D, 


Using also equations (111.6) and (111.7), we can bring (111.8) to the form 


Q= - fD,- DDE: +2- | EdD}. 
T 


If the shock wave is weak, i.e. the discontinuities in it are small, in calculating Q we can 
express the relation between D and E as an expansion 


D(E) = D, +8(E,)(E—E,)+4e(E,(E-E,)’, 
where ¢'(E) = d?°D/dE?. A straightforward calculation gives 
Q = —ve'(E,)(E, —E,)3/48z. (111.9) 


The energy dissipation in a weak electromagnetic shock wave is therefore of the third order 
in the field discontinuity in the shock. Since Q > 0, when e’ < 0 we must have E, > E,, as 
shown in Fig. 60. 

The presence of the shock wave makes the solution derived above no longer valid: the 
expressions (111.4), (111.5) for the field contradict the boundary conditions (111.6). It is 
important to note, however, that the wave remains approximately (up to and including 
second-order quantities) a simple wave so long as the shock wave may be regarded as 
weak.t To this accuracy, the expression for the velocity of the discontinuity can be written 


+ The situation here is exactly analogous to the formation of ordinary hydrodynamic shock waves in a strong 
sound wave (see FM, §95), and the arguments will not be repeated in full. 
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as 


v=c[de(E, FEJ *”. (111.10) 


In the same approximation, the position of the discontinuity on the wave profile is 
determined by the equality of the two areas between the vertical line and the dashed curve 
in Fig. 60. 


PROBLEM 


A plane wave E = f,(t — x/c) is incident normally from a vacuum on to the surface of a medium. Determine the 
reflected wave (L. J. F. Broer, 1963). 


SOLUTION. The field in the vacuum (the half-space x < 0) consists of the incident wave and the reflected wave 
(suffix r): 
E=f,(t—x/o)+f,(t+x/), 
H = f(t —x/c)—f,(t+ x/c); 
in the vacuum, the field equations are linear and the two solutions may be added. In the medium (x > 0) there is 


only the transmitted wave, in which $ 


E =f, it- (x/)/:(E)}, H = | /edE. 
0 
The continuity condition on the electric field at x = 0 gives f(t) = f; (©) + f(t). The continuity of H at x = 0 then 


E K+ h0 
fO- = | /e(E) AE, 


and this implicitly determines the function f,- 


§112. Stimulated Raman scattering 


The third-order non-linear effects include the influence of radiation with some 
frequency œ; (the pump wave) on the propagation of a wave with a different frequency œw, in 
the same medium. Such effects are contained in the non-linear permittivity 


Ei, kim (®2> M15 —@,) (112.1) 


which contributes to the induction with frequency @,.7 


In an isotropic medium, the induction D, at the frequency œz, including the 
contribution mentioned, is given by 


D, = €2E, +0, (E, -E,*)E, + B,E,(E,**E,)+72E,*(E, -E,), (112.2) 


where 
E, = Ejot Entet), E, = E,,eik2 24), (112.3) 


+ The condition that the third-order permittivity £; ,,(@,,@ 2,3) be real requires that not only the 
frequencies @;,@2, W, and their sum w, but also their sums in pairs should not coincide with differences of energy 
levels in the system, for the susceptibility (112.1), these sums are ©, +w, and |œ, — w|. This may be seen by 
tracing the origin of the energy denominators in the expression mentioned in §108 for the non-linear 
susceptibility in terms of the matrix elements of the interaction between the medium and the field; this expression 


bes penn given by J. A. Armstrong, N. Bloembergen, J. Ducuing and P. S. Pershan, Physical Review 127, 1918, 
1962. 
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In the first term in (112.2), €, = €,(@,) is the ordinary linear permittivity; in the other terms, 
a,, P2 and y, are three independent components of the tensor (112.1), their number being 
obvious from the way in which (112.2) is constructed from the three vectors E, E,* and E,. 
We see that the non-linear action of the field E, on the field with frequency œ, can be 
described by means of an anisotropic permittivity 


Ezik = (€2 +0, E1 E1 *) ôn +P2E1: Eik" +72E1;* Eir- (112.4) 


In a non-dissipative medium, the coefficients «,, 8, and y, are, like €,, real, and the tensor 
(112.4) is Hermitian. When œw, > 0 and accordingly E, is real, it includes as a particular 
case double refraction in a static electric field, described by (100.1). When w, # 0, (112.4) 
also describes the gyrotropy of the medium induced by the field E, - Comparison of (112.2) 
with (101.8) gives the gyration vector 


8 = 5i(B2 —72)E,* XE. (112.5) 


This is zero if the field E, is linearly polarized. 

A greater variety of phenomena can occur if the non-linear interactions of the field with 
the medium are accompanied by dissipation. In that case, the coefficients a,, f, and y, are 
complex; the linear permittivity will again be supposed real. It is found that such 
dissipation can cause either attenuation or amplification of the field E,. In the latter case 
we have stimulated Raman scattering.t 

Since the linear permittivities (@,) and e(@,) are real, there is no dissipation in the 
medium at the frequencies œ, and w,: the quanta hw, and hœ, themselves are not 
absorbed. Let the difference w, — œw, but not the sum œw, + @, lie in the frequency range 
where the medium is capable of absorption. The dissipation takes place only by the 
conversion of quanta of higher energy into quanta of lower energy, the excess released 
being transferred to the medium. When œ, > œ,, therefore, the pump wave amplifies the 
wave with the lower frequency w,. The time-averaged energy gained by the field E, per unit 
time and volume through the weak non-linear effects is just minus the expression (96.5): 

dU iw 
Ea = Sag (Ezi — E243) Ea; E 2," 


@M 
= 92 fu IE PIE, + By" IBy “BaP +15 "1E Et h: +» (112.6) 


cf. the derivation of equations (108.9). A similar expression gives the change 1n energy of the 
field E,: 


dU 
== -Ft falk, PJE,I7 +8,” 1E; -E,|? +7," |E, ni (112.7) 





dt Ån 


where «,, $4 and y, are independent components of the permittivity tensor &;, rm (W,, @2> 
— œ), which describes the effect of a field with frequency œ, on one with frequency %1- 


+ From the quantum microscopic standpoint, this refers to the emission of a photon hw, when a photon hw, 18 
incident on atoms in a field of photons fw,. The energy h(@; — %2) 1S transferred to the medium, with the 
formation of an elementary excitation of the medium such as a phonon or an exciton. The literature of the subject 
uses specific names for various types of scattering process. In our purely phenomenological description, we use the 
term mentioned, as a conventional general name. 


§112 Stimulated Raman scattering 393 


Arguments similar to those used in §107 to derive the Manley—Rowe theorem show that 





(112.8) 


for each quantum haw, created, one quantum hœ, disappears. Hence it follows that 
ores = Oy", Ba aes Fs ae = — y3”. (112.9) 
The energy dissipated is given by the decrease in the total energy of the two fields: 
dU, dU, oS. OO, — QWs dU, 


= — —- = = ——_ _. 112. 
g dt dt W> dt ae 





When w, > @,, the condition Q > 0 shows that dU, /dt > 0; that is, the wave with the 
lower frequency is amplified, as stated above. The condition that the expression (112.6) be 
positive is given by the inequalities 


on" <0, 09” + Bo” <0, 02" +72" = 0, 0," +B," +72" <0. (112.11) 











This effect is independent of the phase relations between the fields, because the pump 
wave field appears in the equations as expressions bilinear in E, and E,*, from which the 
phase factors vanish. The ultimate result is that field synchronism is not necessary for 
amplification of the field œw,, in contrast to the harmonic generation and parametric signal 
amplification effects discussed in §110. 

It is possible to relate the characteristics of the stimulated Raman scattering to those of 
the ordinary (spontaneous) scattering to be discussed in Chapter XV. The relevant 
calculations are given in §118, Problem. 

The above relations are valid, as already mentioned, if energy is absorbed by the medium 
nly at the difference frequency œ; — wz. There is a different situation if the sum frequency 
, +, not the difference, lies in the absorption range. In this case, for each quantum ho, 
absorbed, a quantum fiw, is also absorbed, and an energy h(w, + @2) is transferred to the 
medium (two-photon absorption). In this case, of course, the waves of both frequencies are 


attenuated. 


+ This may be seen by ee the values of (112.6) for various polarizations of the fields E, = e, E, and E, 
= e,F,: linear ane lons in parallel or perpendicular directions, circular polarizations with the same or 
opposite signs. In the first pat Cases €, and e, are real, with e, -e, = 1 or 0; in the second two they are complex 
with either e; `€, = 9 &1°€2> = l or e, -e, = 1, e, -e,* = 0. 


CHAPTER XIV 


THE PASSAGE OF FAST PARTICLES 
THROUGH MATTER 


§113. Ionization losses by fast particles in matter: the non-relativistic case 


A FAST charged particle, in passing through matter, ionizes the atoms and thereby loses 
energy. In gases, the ionization losses can be regarded as being due to collisions between 
the fast particle and individual atoms. In a solid or liquid medium, however, several atoms 
may interact simultaneously with the particle. The effect of this on the energy loss by the 
particle can be macroscopically regarded as resulting from the dielectric polarization of 
the medium by the charge. Let us first consider this effect for non-relativistic velocities of 
the particle. We shall see that the polarization of the medium then has only a slight effect 
on the losses. The derivation of this result is of interest because the method can be 
extended to other cases. 

Let us first of all ascertain the conditions under which the phenomenon can be 
macroscopically considered. The spectral resolution of the field produced at a distance r 
from the path of a particle moving with velocity v consists chiefly of terms whose frequency 
is of the order v/r (the reciprocal of the “collision time”). The ionization of an atom can be 
effected by field components of frequency œ Z @,, where wọ is some mean frequency 
corresponding to the motion of the majority of the electrons in the atom. The particle 
therefore interacts simultaneously with many atoms if v/a, is large compared with the 
interatomic distances. In solids and liquids these distances are of the same order of 
magnitude as the dimension a of the atoms themselves. Thus we obtain the condition 
v > Ao, i.e. the velocity of the ionizing particle must be large compared with the velocities 
of the atomic electrons (or at least of the majority of them). 

Let us now determine the field produced by a charged particle moving through matter. 
In the non-relativistic case it is sufficient to consider only the electric field, defined by the 
scalar potential ġ. This potential satisfies Poisson’s equation 


EA gd = —4neò (r — Yt), (113.1) 


in which the permittivity is written as an operator, and the expression eò (r — vt) on the 
right-hand side is the density due to a point charge e moving with constant velocity v8 


+ We speak, as is customary, of “ionization losses”, but these are, of course, understood to include losses due tO 
the excitation of atoms to discrete energy levels. Pe f the 

$ The corresponding condition for the energy E of the particle is E > MIjm, where M is the mass © 
particle, m that of the electron, and / some mean ionization energy for the majority of the electrons ın the atom. 

§ We assume that the particle moves ina straight line. and thereby neglect scattering, as is always permissible in 


problems of this type. ek ! : . 
If the charge on the particle is ze, then all the formulae pertaining to energy loss in this and the following 


sections should be multiplied by z7. 
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We expand ġ as a Fourier space integral: 


d?k 


Er (113.2) 





p= | Q, exp(ik -r) 


Taking the Laplacian of this equation, we find that the Fourier component of A¢ is 


LAP) = —k* d,. 
Taking the Fourier component of equation (113.1) gives 











E(A dh = - | ned e-v) exp(—ik-r)dV 


— åre exp(— itv +k). 


Thus é¢, = (4ne/k?) exp (— ity - k), and ġ, therefore depends on time through a factor 
xp (—itv-k). The operator £ acting on a function exp(—imt) multiplies it by e(œ). 


4nre A 
Py = k6(k-v) exp(— itv: k). 


The Fourier components of the field and of the potential are related by E, exp(ik-r) = 
grad [¢, exp (ik-r)] = —ik@, exp(ik-r). Thus 
4niek 
E, = —ikd, = Tees) exp (—itv-k). (113.3) 


he total field strength is obtained by inverting the Fourier transform: 


co 


E= | E, exp(ik -r) 


— @ 


dk 

On?” (113.4) 
The energy loss by the moving particle is just the work done by the force eE exerted on 
le particle by the field which it produces. Taking the value of the field at the point 
Ecupied by the particle, namely r = vt, we obtain in the integrand in (113.4) a factor 
ip (itv - k) which cancels with the factor exp (— itv -k) in the expression (113.3) for E,. 
€nce the force F is 


F = —4nie? | 


=o 


k d?k 
TO ae 3 
k* e(k-v) (27) 





It is evident that the direction of the force F is opposite to that of the velocity v; let the 
tter be the x-direction. Putting k,v = œ, q = \/(k,?+k,”) and replacing dk,dk, by 
tq dg, we can write the magnitude of F as 


ie? w dg dw 
a? lal a deo (113.5) 


E(w) (7+ o) 


‘he choice of go is discussed below. 
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The following remark should be made concerning the integration with respect to @ in 
formula (113.5). As œ —> œ the function ¢(@)— 1, and the integral is logarithmically 
divergent. This happens because we ought to have subtracted from the field E the field 
which would be present if the particle were moving in a vacuum (i.e. if e = 1); this field 
evidently does not affect the energy lost by the particle in matter. 

If this subtraction were effected, 1/e in the integrand of (113.5) would become 1/e — 1, 
and the integral would converge. The same result can be obtained by taking the integration 
from —Qto +Qand then letting © tend to infinity. Since the function £’ (œ) is even, the real 
part of the integrand is an odd function of the frequency, and gives zero. The integral of the 
imaginary part of the integrand converges. 

In what follows we shall sometimes find it convenient to use the notation 


1/e (œw) = nt) = n + in”, (113.6) 


with n' (œ) and n”(œ) respectively even and odd functions, and y” = — e” /ļe|? <0. 
Formula (113.5) can be rewritten in the explicitly real form 


© do 
2 ti 
r-~ | SOULET (113.7) 
T (q v +o") 
0 0 
The energy loss per unit path length is the work done by the force over that distance, which 
is just F; it is called the stopping power of the substance with respect to the particle. 
According to the general rules of quantum mechanics, the Fourier component of the 
field whose wave vector is k transmits to the 6-electron released in ionization a momentum 
hk. For sufficiently large q (> wo/v) we have k? = g? + w?/v? ~ g’,so that the momentum 
transferred is approximately hq. A given value of q corresponds to collisions with impact 
parameter ~ 1/g. Hence the condition for the macroscopic treatment to be valid is 1/q > 4. 
Accordingly, we take as the upper limit of integration a value qo such that w/v < go < 1/4. 
The quantity F(g,) is the energy loss of a fast particle with transfer of momentum nof 
exceeding fig, to the atomic electron. 
Integrating with respect to q in (113.7), we obtain 


2e? ; JoY ` 
F (qo) = d w|” (@)| log coe dw. (113.8) 
0 


This formula cannot be further transformed in a general manner, but it can be written ina 
more convenient form as follows. We first calculate the integral 


00D 


f on” (w)da = —żi J (@/e)do. 
0 eS 


To do so, we notice that, if the integration is taken in the complex œ-plane along a contour 
consisting of the real axis and a very large semicircle o in the upper half-plane, the integral IS 
zero, since the integrand has no poles in the upper half-plane. For large values of @, the 
function (œ) is given by formula (78.1): 

4ne?N 


E(w) = 1 — — (113.9) 


mc 
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The integration along the large semicircle o can be carried out by using this formula, and 
the result ist a 


-f wn” (w)dw = — 


0 o 


2niNe* (dw 
<= 2n?Ne*/m. (113.10) 





We define a mean frequency of the motion of the atomic electrons by 


f wn” (w) log w dw 
AT 


f on” (@) do 
0 


m i 
~ sane | w|y” (w)| log œ do. (113.11) 
0 
hen formula (113.8) can be written 
F (qo) = (47 Ne*/mv’) log (qov/@). (113.12) 


_ The following remark should be made here. It might seem from the form of (113.7) or 
113.11) that the main contribution to the ionization losses (113.12) comes from 
requencies at which there is considerable absorption. This is not so; these formulae may 
ontain a considerable contribution from ranges in which g” is small. The reason is that in 
ch ranges the function €(w) = £' (œw) may pass through zero. It is seen from formula 
113.5) that the zeros of e(w) are poles of the integrand. In reality, of course, £” (œ) is not 
Kactly zero, and so the zeros of e (w) are not on the real axis but just below it. Hence, when 
ithe expression used for £ (w) is real and passes through zero, the contour must be indented 
lpwards at the pole of the integrand, and so a contribution to the integral occurs. For 
xample, if the function e(w) is given by (84.5), the contribution to the energy loss (113.12) 
om the poles + œw, (where €(w,) = 0) is easily seen, by direct calculation from (113.7), to 
© (4x.Ne* mv’ a’) log (gou/a,). 

In order to find the energy loss F(qg,) with transfer of momentum not exceeding 
bme value hg, > hgy, we must “join” formula (113.12) to that given by the quantum 
leory of collisions, corresponding to energy loss by collisions with single atoms. This 
an be done by using the fact that the ranges of applicability of the two formulae overlap. 
S we know from the theory of collisions, the energy loss with transfer of momentum ina 
ange of hdg is 















dF = (4nNe*/mv’) dq/q, (113.13) 


d this formula is applicable (in the non-relativistic case) for any value of q > @,/v which 
Compatible with the laws of conservation of momentum and energy, provided that the 
ergy transferred is small compared with the initial energy of the fast particle.{ The 


+ This is the same as (82.12), as it should be, since, as || -> œ, |e] > 1 and y” > —e”. 
$ See QM, §149. The “effective retardation” used there differs from F by a factor N, = N/Z, the number 
€nsity of atoms. 


Formula (113.13) applies to collisions with free electrons. Its range of applicability as hitherto determined 


1> wo/v), however, a Pa of q for which the atomic electrons cannot be regarded as free. The 
O ndition for this 1S 4 = ae o> f TA Vo ìs the order of magnitude of the velocity of the majority of the atomic 
(Electrons; the energy #“4 /2m of the 6-cleciron is then large compared with atomic energies. 
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energy loss with all values of q between qo and q, is accordingly (4nNe*/ mv’) log (41/40). 
When this quantity is added to formula (113.12), go is replaced by q,, so that 


F (q,) = (4nNe* /mv) log (q,v/0). (113.14) 


If a momentum hg, large compared with the atomic momenta is given to an atomic 
electron, its energy is E, = h?q,7/2m. Thus we can write 


F(E,) = (2nNe*/mv) log (2mv?E, /h? 07). (113.15) 


Formulae (113.14) and (113.15) give the energy loss of a fast particle by ionization witha 
transfer of energy not exceeding a value E, that is small compared with the original energy 
of the particle. It must be emphasized that with this condition the formulae are equally 
valid for fast electrons and fast heavy particles. Formula (113.15) differs from the formula 
derived from a microscopic discussion, neglecting interactions between atoms (QM, 
(149.14)) only by the definition of the “ionization energy” I, which is here represented by 
hō. The mean (with respect to the electrons) ionization energy of an atom is usually almost 
independent of its interaction with other atoms, being determined mainly by the electrons 
of the inner shells, which are almost unaffected by that interaction. Moreover, this quantity 
appears here only in a logarithm, and so the exact definition of it has even less effect on the 
magnitude of the energy loss. 

In a collision between a heavy particle and an electron, even the maximum transferable 
momentum hg,,a, is small compared with the momentum Mv of the particle. The change in 
the energy of the heavy particle is therefore v - hq; equating this to the energy of the electron 
gives h? g?/2m = hq-v < hqv, whence dmax = 2mv, and E; max = 2mv*. Substituting for £, 
in (113.15), we obtain as the total ionization energy loss by the fast particle 


4 2 
EEE E A (113.16) 
mv ho 








This differs from the usual expression (QM, (150.10)) only in the definition of the 
ionization energy hd. A 

We can see how hō defined by (113.11) becomes, in a rarefied medium, the mean 
ionization energy of a single atom given by QM, (149.11). To do so, we note that in a 
rarefied gas, which for simplicity we suppose to consist of uniform atoms, the permittivity 
is £ = 1+47N a(œw), where N, is the number of atoms per unit volume, o(@) the 
polarizability of one atom; here |e—1|< 1. The imaginary part of y = 1/e is In"l 
= 4nN a” (œ). The polarizability of the atom is given by QED, (85.13); separating the 
imaginary part by means of QED (75.19), we have when w > 0 


vie = EE N ldonl 0 (E„— Eo — ho). 


where E, and E, are the energies of the ground state and excited states of the atom. 
Substitution of this expression in (113.11) and carrying out the integration, with N = NZ: 
gives the definition in QM, (149.11). 
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§114. Ionization losses by fast particles in matter: the relativistic case 


At velocities comparable with that of light, the effect of the polarization of the medium 
on its stopping power with respect to a fast particle may become very important even in 
gases.t 

To derive the appropriate formulae, we use a method analogous to that used in §113, but 
it is now necessary to begin from the complete Maxwell’s equations. When extraneous 
charges are present with volume density p,,, and extraneous currents wih density j,,, these 
equations aret 


1 cH 
div H = 0, curl E = —- —, (114.1) 
c Ot 
Oe. locE 4r. 
div EE = 4zp,,, curl H = - —-+— },. (114.2) 
c ot c 


In the present case the extraneous charge and current distribution are given by 


Pex = eô (r — vt), je, = ev ô (r — vyt). (114.3) 
We introduce scalar and vector potentials, with the usual definitions: 
1 ðA 
H=culA, E=- = — grad ¢, (114.4) 


so that equations (114.1) are satisfied identically. The additional condition 


1 a6 
div A+- so) (114.5) 





pa | 


ot 


is imposed on the potentials A and ġ; this is a generalization of the usual Lorentz condition 
in the theory of radiation. Then, substituting (114.4) in (114.2), we obtain the following 
equations for the potentials: 








é O A An 
AA-G ae = garry on vt), 
se (114.6) 
E A = — re 6(r—vt) 
: Vani ae eae j 


We expand A and ¢ as Fourier space integrals. Taking the Fourier components of 
equations (114.6), we have 





f O A, 4nev 
ee Pk — itv- 
E ap r exp (— itv -k), 
r he 
(egi “pat ) = Are exp (—itv-k) 





+ This effect was pola cae E. Fermi (1940), who performed the calculation for the particular case of a gas 
whose atoms are regarded as harmonic oscillators. The general derivation given here is due to L. Landau. 


+ We put p() = I, since matter does not exhibit magnetic properties at the frequencies important as regards 
ionization losses. 
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Hence we see that A; and œp depend on time through a factor exp (— itv -k). We again put 
w = k-v =k,v, and obtain 


Are y 


À E i —iowt 
Ke k= elo)? 2: 
(114.7) 
a Ane l — iot 
K slw) k? — w? e(w)/c? 
The Fourier component of the electric field is 


From these formulae the force F = eE acting on the particle is found in the same way as 
in §113.t Using the same notation, we now have 


a eae wq dq dw 
ie? a om 
F= ee ee (1149) 
0 


As c — © this formula tends, of course, to (113.5). 

Let us first carry out the integration with respect to frequency. In order to effect an 
integration in the complex w-plane, we first ascertain the poles of the integrand in the 
upper half-plane. The function e(œw) has no singularity and no zero in this half-plane, and so 
the required poles can only be the zeros of the expression 


We shall show that, for any value of the positive real quantity q7, this expression vanishes 
for only one value of œ. 

To prove this,f we use a theorem in the theory of functions of a complex variable: the 
integral 


1 {df(~) dw 


2ni | dw f(w)—a’ 
C 


(ł14.10) 


taken along a closed contour C, is equal to the difference between the numbers of zeros and 
poles of f (w) —a in the region bounded by C. Let 


a = q? be a positive real number, and C be a contour consisting of the real axis and 
a very large semicircle (Fig. 61). The function f (œ) has no pole in the upper half-plane 


+ The magnetic force ev x H/c is seen by symmetry to be zero, and in any case is perpendicular to the velocity of 
the particle and so does no work on it. l 
t The following argument is analogous to the proof (SP 1, §123) that € (w) has no zero in the upper half-plane- 


p 
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C 


© 





Fic. 6l 










or on the real axist; the integral (114.10) therefore gives the number of zeros of the function 
f(@)— a in the upper half-plane. To calculate its value, we write it as 


1 df 
2ni }f—a’ 


C 


(114.11) 


the integration being taken along a contour C’ in the plane of the complex variable f 
which maps the contour C from the w-plane. For w = 0, f = 0. For positive real œ we have 
imf > 0, and for negative real w, imf < 0. At infinity f> — w? [(1/vô) —(1/c?)], and 
therefore f goes round a large circle when w goes round the large semicircle. Hence we see 
that the path of integration C’ in the f-plane is of the kind shown schematically in Fig. 61. 
When a is real and positive, as in Fig. 61, in going round C’ the argument of the complex 
number changes by 2x, and the integral (114.11) is equal to unity. This completes the 
proof.t 

Furthermore, it is easy to see that this single root of the equation f (w) — q? = 0 lies on 
the imaginary w-axis: for purely imaginary w the function f (w), like e(@), is real and takes 
all values from 0 to œ, including q?. 

Let us now return to the integral with respect to w in (114.9): 


e 





+ For metals e(œ) has a pole at w = 0, but œ?g always tends to zero with w. 


t Ifais negative the argument of f— a changes by 4z on going round C’, so that the integral (114.11) is equal to 
2, ie. the function f(@)+1|4]| has two zeros in the upper half-plane. ea seg 
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This can be written as the difference between the integral along the contour C and that 
along the large semicircle. The latter is | d w/a = iz, and the former is 2zi times the residue 
of the integrand at its only pole. Let w(g) be the function defined by the equation 


o? (5 E 7) 2: (114.12) 


Then, since the residue of an expression f(z)/(z) at a pole z = Zo is f(Zo)/¢ (Zo), the 
integral along C is 
aed 
cos ARE ee 2 
Sepa” c 


a ye — dg? /dœ@ — 
es | es w AN N, 
daw ce? y 


1 l 
ME 
F=e?| | ——— +1} 4d 
qdq/dw 
0 
or, replacing the integration with respect to q in the first term by one with respect to o, 


(Qo) 


i l 
F = e? | [aig a [do Be?’ 


i 1 
+3e € F *) [eo (qo) — œ (0) }. (114.19) 
v c 
Large values of q correspond to large absolute values w of the root of equation (1 14.12). 
Using therefore the expression (113.9) for e(œw), we find 


4n Ne? 
o? (qo) = — 2? y? (a T ), 





mc? 
where we have put y = 1/./[1 —v?/c?]. Substitution in (114.13) gives 


e? 1 2nNe* e? m 4) 
D Een | Tne ee 114.1 
F 5 | ) 1 |wdw z E (0) ( 


in the integral, only the leading term ivqoy need be retained in @ (Go). a 
The integration in (114.14) is over purely imaginary values of œ. We use the real varia 
œ” = w/i, with the lower limit € = œ (O)/i, and again put 1/e = y (113.6). The require 
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UdoY 
-Í [y lio )— i] do". 


Š 
















he values of the function y(œ) on the imaginary axis can be expressed in terms of its 
imaginary part on the real axis: 


œ 


Ppr 2 { xn" (x) 
ne yaaa | er as 
0 


cf. (82.15)). Hence the integral is (if we neglect x in comparison with voy) 


© UGoy ye 
2 xin (x)|@" dw’ dx 1 P Paa 
= | | D gaat CONCE spree 
| z $ í 
N2 substitute this result in (114.14), and for simplicity put 
log Q = Flog (w° +°). (114.15) 


where the bar denotes an averaging with weight w|7’(q)|, as in (113.11). Then 


Ax Net voy 2nNeé e 
l ——_— + č’. 114.16 
m2 © Q mc? S Quy € ( ) 








F (40) = 


Two cases must be considered in the further examination of this formula. Let us first 
ippose that the medium is a dielectric, and that the velocity of the particle satisfies the 
snditi 

— v? < C/E, (114.17) 
there & = £ (0) is the electrostatic value of the permittivity. On the imaginary axis the 
Jnction €(q@) decreases monotonically from £ > 1 for œ =0 to 1 for œ = iœ. The 
kpression on the left-hand side of equation (114.12) therefore increases monotonically 
om 0 to oo, and for q = 0 (114.12) gives w = 0. Thus we must put € = Oin (114.16); then Q 
ecomes the mean atomic frequency @ (113.11), and 


4nNe* Udoy v’ 
F(qo) = ane tog = oes (114.18) 








por v < c this formula becomes (113.12), as it should. 

The value of qo is such that qo <1/a, where a is the order of magnitude of the 
teratomic distances (in solids and liquids equal to the dimension of the atoms). In order 
yextend the formula to higher values of the transferred momentum and energy, it must be 
ined” to the formulae of the ordinary theory of collisions, as in §113, but the joining 
lust now be carried out in two stages, First, using formula (113.13), we enter the range of g 
orresponding to energy transfers large compared with atomic energies but not yet 


lativistic. Formula (114.18) is unchanged in form, but may now involve the -electron 
ergy h?q,*/2m. Calling this E,, we have 


In Net 2F a2 2 
SA EA a 





v2 


hae? aul; (114.19) 
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We can now go on to the relativistic values of E, by using a formula of relativistic collision 
theory, according to which the stopping power with energy transfer between E’ and 


E’+ dE’ is (2x Ne*/mv?) dE'/E’ (114.20) 


if E’ is small compared with the maximum transfer E1 max compatible with the laws of 
conservation of momentum and energy for a collision between the fast particle concerned 
and a free electron.t Since the integration of (114.20) gives a term in log F’, it is clear that 
formula (114.19) is unchanged in form, and it is therefore valid for all E, < E RNA 

In the retardation of a fast heavy particle (with mass M > m and energy E which, 
though EE SEvISUC, a such that E < M? c*/m), the maximum energy transfer to an electron 
is Ey max = 2 mv?y? and is still small in comparison with E (see QED, (82.23)). For such 
particles the differential expression for the energy lost to free electrons is 


2n Ne* (1 1 
2 & ay 2 z) dE’ 
mv EY 2mc^y 
for all E’; see QED, (82.24). The energy loss additional to (114.19), with energy transfer 
from E, to Ey max (with E, < Ey max) is then 


2r Net (iog biaa Tea ) _ 2nNe* (ie 2mv? y? 4 | 


mv? E, = 2mc? y? mv? E, p 











(114.21) 


Adding this to (114.19), we find the total stopping power with respect to the heavy particle: 





(114.22) 


Formula (114.22) differs from that of the usual theory only in that the “ionization energy” 
is hō; cf. QED, (82.26). 
Let us now turn to the second case, namely that where 


E ore! | 570 (114.23) 


paeh, in particular, always holds for metals, where ¢(0) = oo. The expression 
eo” (e/c? — 1/v?) on the left-hand side of equation (114.12) then has two zeros on the 
imaginary w-axis, one at œw = 0 and the other at œ = ič, where č is defined by > 


e (ič) = c?/v’. (114.24) 


In the range from 0 to ič the expression œw? (e/c? — 1/v) is negative, and for | œ | > č it takes 
all positive values from 0 to œ. As q — 0, therefore, the root of equation (114.12) in this case 
tends to č, which is the value to be substituted in (114.15) and (114.16). 

Two limiting cases may be considered. If č is small compared with the atomic frequencies 
Oo, then the last term in (114.16) may be neglected, and Q = @. Thus we return to formula 
(114.18). The opposite limiting case, where č > Wo, is of particular interest. Since, for large 
č, the function e(ič) tends to 1, it is evident from (114.24) that this case corresponds to ultra- 
relativistic velocities of the particle. Using formula (113.9) for e(@), we can write from 
equation (114.24) 

E2 = An Ne? v? y?/mc? = 4nNe?y?/m. 


+ See QED, (81.15) and (82.24). The stopping power F is obtained on multiplying these expressions for the 
cross-section by the energy loss mA and by N. 
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As the velocity of the particle increases, the condition č > wọ is ultimately fulfilled in any 
medium, i.e. whatever the electron density N (even in a gas). The velocity required is, 
however, the greater, the smaller N, i.e. the more rarefied the medium. 

From (114.15) we then have simply Q = č. Putting also v = c, we find that the last two 
terms in (114.16) cancel. leaving 


F(go) = (27 Ne*/mc’) log (mc? go7/4n Ne’). 


Extending this formula, in the same manner as above, to large values of the momentum and 
energy transfer, we find the following expression for the energy loss of an ultra-relativistic 
particle with an energy transfer not exceeding E, (< E 


fas) 
F(E,) = (27 Ne*/mc’) log (m?c?E,/27 Ne? h’). (114.25) 
This result is considerably different from that obtained in the ordinary theory, which 
neglects the polarization of the medium. According to that theory (see QED, §82), in the 
ultra-relativistic range the stopping power F(E,) continues to increase (though only 

logarithmically) with the energy of the particle: 

2x Net 2mc? y? E 
FE) = =a ee T at 
mc I 


2 


The polarization of the medium results in a screening of the charge, and the increase in the 
losses is thereby finally stopped; it tends to the constant value (independent of y) given by 
formula (114.25). 

For heavy particles a formula can also be derived for the total stopping power with any 
energy transfer up to E; max (if the latter is small compared with the energy of the particle 
itself). Again using the expression (114.21), in which we can now put v = c, we find 


2n Ne* m? cty? 
F= | aaia EE Ha fe 114.26 
mc? | B Ne? h? l l ) 





We see that the total stopping power continues to increase with the velocity of the particle, 
owing to close collisions with a large energy transfer, for which the polarization of the 
medium has no screening effect. This increase, however, is rather slower than that given by 
the theory when the polarization is neglected. According to that theory, 


4 Net p > ee 
F= Á tog — 1} 


see QED, (82.28). The coefficient of the log y term here is twice that in (114.26). 

It may also be noted that the presence of the electron density N in the argument of the 
logarithm in formulae (114.25) and (114.26) results in the following property of energy 
losses of ultra-relativistic particles: when such a particle passes through layers of different 


substances containing the same number of electrons per unit surface area, the losses are 
smaller in media with larger N. 








+ This formula is obtained by adding QED (82.20) and (82.25), with E, for MA max in the latter. For a small 
energy transfer E,, the formulae apply to both fast electrons and fast heavy particles. 
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§115. Cherenkov radiation 


A charged particle moving in a transparent medium emits, in certain circumstances, an 
unusual type of radiation, first observed by P. A. Cherenkov and S. I. Vavilov, and 
theoretically interpreted by I. E. Tamm and I. M. Frank (1937). It must be emphasized that 
this radiation is entirely unrelated to the bremsstrahlung which is almost always emitted by 
a rapidly moving electron. The latter radiation is emitted by the moving electron itself 
when it collides with atoms. The Cherenkov effect, however, involves radiation emitted by 
the medium under the action of the field of the particle moving in it. The distinction 
between the two types of radiation appears with particular clarity when the particle has a 
very large mass: the bremsstrahlung disappears, but the Cherenkov radiation is unaffected, 

The wave number and frequency of an electromagnetic wave propagated in a 
transparent medium are related by k = nw/c, wheren = ./eis the refractive index, which is 
real. We again suppose the medium isotropic and non-magnetic. We have seen that the 
frequency of the Fourier component of the field of a particle moving uniformly in the 
x-direction in a medium is related to the x-component of the wave vector by w = k,v. If 
this component ıs a freely propagated wave, these two relations must be consistent. Since 
k > k,,, it follows that we must have 

v> c/n (œ). (115.1) 


Thus radiation of frequency œw occurs if the velocity of the particle exceeds the phase 
velocity of waves of that frequency in the medium concerned. 

Let @ be the angle between the direction of motion of the particle and the direction of 
emission. We have k, = k cos 0 = (nw/c) cos 0 and, since k, = w/v, we find that 


cos 0 = c/nv. (115.2) 


Thus a definite value of the angle 6 corresponds to radiation of a given frequency. That is, 
the radiation of each frequency is emitted forwards, and is distributed over the surface ofa 
cone with vertical angle 20, where @ is given by (115.2). The distributions of the radiation in 
angle and in frequency are thus related in a definite manner. 

The emission of electromagnetic waves, if it occurs, involves a loss of energy by the 
moving particle. This loss forms part, though a small part, of the total losses calculated in 
§114. (The bremsstrahlung is not included therein.) In this sense the term “ionization 
losses” is not quite accurate. We shall now find the corresponding part of the total losses, 
and thus determine the intensity of the Cherenkov radiation. 

According to (114.9), the energy loss in the frequency interval dœ is 


ie? 1 1 q dq 
dF = -0% So( 4-2) f- ne J 
€ 1 
C= q’—w* (3-2). 


+ The problem of radiation from an electron moving uniformly in a vacuum at a velocity v > c was discussed 
by A. Sommerfeld (1904) before the theory of relativity became known. 
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[n integrating along the real €-axis we must pass round the singular point ¢ = 0 (for which 
g? +k,” = k?) in some manner, which is determined by the fact that, although we suppose 
(œ) real (the medium being transparent), it actually has a small imaginary part, which is 
positive for œw > 0 and negative for œw < 0. Accordingly, ¢ has a small negative or positive 
aginary part, and the path of integration ought to pass below or above the real axis 
respectively. This means that, when the path of integration is displaced to the real axis, we 
must pass below or above the singular point respectively. This gives a contribution to dF, 
nd the real parts cancel in the sum. Indenting the path of integration with infinitesimal 
emicircles, we find 


Zo fdé/E = o { de /E—J dE /E} = 2ino. 


hus the final formula is 





e? c? 
dF = “(1-33 ode (115.3) 


vhich gives the intensity of the radiation in a frequency interval dw. According to (115.2), 
his radiation is emitted in an angle interval. 


apie. CME? (115.4) 


vn? sin 0 daw 


e total intensity of the radiation is obtained by integrating (115.3) over all frequencies 
Or which the medium is transparent. 

It is easy to determine the polarization of the Cherenkov radiation. As we see from 
114.7) the vector potential of the radiation field is parallel to the velocity v. The magnetic 
eld H, = ik x A, is therefore perpendicular to the plane containing v and the ray 
lirection k. The electric field (in the “wave region”) is perpendicular to the magnetic field, 
ind therefore lies in that plane. 


PROBLEM 


Find the cone of Cherenkov radiation wave vectors for a particle moving uniformly in a uniaxial non-magnetic 
Tystal: (a) along the optical axis, (b) at right angles to the optical axis (V. L. Ginzburg, 1940). 


) SoLUTION. (a) When a charge moves ina uniaxial crystal, the Cherenkov radiation is in general on two cones 
Orresponding to the ordinary and extraordinary waves. In motion along the optical axis, however, the ordinary 
fave is not emitted, even though a condition such as (115.1) may be satisfied: this wave always has linear 
larization with the vector E perpendicular to the principal cross-section (that is, the plane through the optical 
Xis—which we take as the z-axis—and the direction of any given k), and the emission of such a wave in the case 
Concerned is evidently impossible, since the work eE -v = 0 and the particle does not lose energy. The 
extraordinary radiation cone is found by substituting in (98.5) the value ofn from (115.2), which is valid even if the 
medium is not isotropic; in the present case, the angle 0 between k and vis the same as the angle between k and the 
`ptical axis. The result is 
tan? 0 = (e,/€,)(v*e,/c? — 1), 


fand we must have v>c/ af, E 1- This is a circular cone on which the intensity distribution is uniform over the 
generators (as is in any case obvious from symmetry). The vertical angle 29 of the ray vector cone is related to 8 by 
tan 9 — (e, /Ey) tan @. 
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(b) In this case, there are two Cherenkov cones. We take the direction of v as the x-axis, and the optical axis as 
the z-axis; 0 is the angle between k and the x-axis, and ¢ the azimuth of k measured from the xy-plane (Fig. 62). 
The cone angle for the ordinary waves is given by 


cosô = ¢/v,/ey, 





Fic. 62 


and we must have v > c/ Je 1- This is a circular cone, but the radiation intensity depends on the azimuthf; in 
particular, there is no radiation in the xz-plane (¢ = 47), since v-E = 0. The extraordinary wave cone is not 
circular; its vertical angle depends on ¢: 

> (6y—e,)sin? @+e, 

cos* 0 = = 2 we SL ae 
(€u —€,) Sint h +e, €yv*/c 


and we must have v > c/,/ Es. The extraordinary radiation is polarized with the vector D in the principal cross- 
section, perpendicular to k. If k lies in the xy-plane (¢@ = 0), then D and also E are in the z-direction; here v - E 
= 0, so that the intensity of the extraordinary radiation is zero in the xy-plane. 


§116. Transition radiation 


Cherenkov radiation has the property that it occurs with uniform motion of a charged 
particle (whereas a charge moving uniformly in a vacuum does not radiate). A different 
class of phenomena that are similar in this respect is represented by transition radiation, 
which occurs with uniform motion of a charged particle in a spatially inhomogeneous 
medium, for example when passing from one medium to another (V. L. Ginzburg and 
I. M. Frank, 1945). It differs in principle from the Cherenkov radiation, in that it occurs for 
any velocity of the particle, not necessarily exceeding the phase velocity of light in the 
medium. Like the Cherenkov radiation, it is unrelated to the bremsstrahlung which also 
occurs when charged particles are incident on a surface separating two media, and the 
distinction is particularly clear in the limit of a particle with infinite mass, for which the 
bremsstrahlung is zero but the transition radiation is not. 

Let us consider the transition radiation when a charged particle passes (with constant 
velocity v) across the boundary between a vacuum and a dielectric (non-magnetic) medium 
with complex permittivity £. The motion takes place along the x-axis, at right angles to the 
interface plane (x = 0; Fig. 63). 





t The determination of the intensity distribution would need a calculation of the stopping power, similar to 
that given in §114 for an isotropic medium. These calculations and certain other topics relating to Cherenkov 
radiation are described in the review articles by B. M. Bolotovskii, U spekhi fizicheskikh nauk 62, 201, 1957; Soviet 
Physics Uspekhi 4, 781, 1962. 
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Fic. 63 


The electromagnetic field is determined by the equations (114.1)—(114.3) or by the 
equivalent ones (114.6). All quantities in these equations can be expanded as Fourier 
integrals with respect to the time and the coordinates y and z, for which the medium is 
homogeneous: 







E = f Ep eir da d?q/(2n)', (116.1) 


etc. where q is the wave vector in the yz-plane. In each of the two half-spaces, we seek the 
field as the sum ofa particular solution of the inhomogeneous equations 114.6) (the field 
of the charge, denoted by the index (e)), and the general solution of the 
equations (114.6) with zero on the right (the free radiation field, denoted by the 1 
The former is given by formulae analogous to (114.7): 


2 2 1-1 
oo = ane! , E SEE PO tate 
oq | m i 


AY = eveia [c 


(116.2) 


The electric field is therefore 


1 
Eo = ifox( 5-3 )-a] a (116.3) 


the expression for H) will not be needed, and will not be written out. 

The second part of the solution, corresponding to the free radiation field, may be put 
in the form of the electric field immediately. The longitudinal component of Es 
(ES); = iaet‘*.* with a coefficient a as yet unknown; then 


k? +e = ew? /c?. (116.4) 


The transverse component, which must obviously be along q, the only distinctive direction 
in this plane, is then determined by the equation div D = 0, i.e. e(q + k,n) ` Eq = 0 (where 
n is a unit vector along the x-axis): 


2 2 
pa iara J(e) oo| e |") | (116.5) 


The plus and minus signs in the exponent refer to the half-spaces x > 0 and x < 0 
respectively: the waves are propagated away from the interface.+ 


+ Inequations (116.2)-(116.5), £ is to be taken as £, = 1 in x < Oandase = E ahe formulae below, 
g everywhere means £z- 
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The constants a, and a, in the two half-spaces are determined from the conditions of 
continuity at the interface for the normal component en ` Eq of the electric induction and 
the tangential component q: Eq of the electric field; the continuity of the magnetic field 
provides no further information, of course. The result for the coefficient in the vacuum 
x <Olis 


oy ae _ R2 ne 
T 4neBx?(e— 1) [1 — B + B/(e—k?)] 166 


co(1 — B? + B?x?) (14+ B/(e- 7) 1 LK /(e- 2) te,/ (1-7) ] 
where B = v/c, k = gc/w. 

Let us now calculate the total energy %, radiated by the particle into the vacuum, Le. 
backwards relative to its motion. A simple way of doing this is to consider the emitted 
wave-train for long times t, when it is already at a great distance to the left; the radiation 
field is then separated from the intrinsic field of the charge. The energy @, is found by 
integrating the radiation field energy density over all space. If the origin is moved along the 
axis into the region of the wave-train, the integration with respect to x can be taken from 
— œ to oo, because the field is attenuated in both directions. 

In the wave region, the electric and magnetic energy densities are equal. Hence 


Ui = E [dyaz | dx -E,?”. 
4r 


Substituting E, as the expansion (116.1), we write the square of the integral as a double 
integral: 
dw da’ d?q d7q' 

(27)° 


Integration over dy dz gives the delta function (27)?6(q — q’), which is then eliminated by 
the integration over d?q'. Thus 


E’ (t, r) = | E) Eug*() exp {ifr (q-q) -tlo —o') J} 


(2.6) oai 
r | re | Egg) *Eyegh(xyentto- 0 God’ dg 


ae (116.7) 


4n 
Substituting (116.5) (with £ = 1, a = a,) for E,,,, and carrying out the integration with 


respect to x, we find 


w? w? w? d?q dw dw’ 
Ui = far a (E-e) (e) oes 


here we have also used the fact that, because of the delta function, œ = w’; for the same 
reason, the phase factors which arise in a, when the origin is moved in (116.5) disappear 1n 
the product a,(@, q)a,*(@’. q). The integration with respect to w and œ is taken from — © 
to œ; eliminating the delta function by the second of these leaves 


r 2 22 2 
m ee nca dude 116.8 
a= | farto j “Nie w? ) 2r’ usi 
(8) 


q? 
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since the integrand is an even function of w, the integral with respect to œw has been written 
as twice the integral from 0 to oo. 

The integration over d*q is to be taken over the range q? < w/c? in which k, is real, so 
that the field (116.5) actually represents the wave propagated.t We use the angle 0 between 
the radiation wave vector k = (k,,q) and the direction of the vector — v, so that 8 = 0 
corresponds to radiation in the direction exactly opposite to the motion of the particle. 
Then q = (w/c)sin@, and a change from integration over d?q to one over 27g dq 
= (2nw7/c*) sin @ cos @d@ gives 








= | | U (ew, 0) > 2x sin 8 d0 dw. 
0 0 


The function %,(«,@) gives the distribution of the radiation in frequency and angle. 
With a, from (116.6), we have finally 


cy = a Ocoee | __ (eB / = sin')) __f 
© 7 mell — B?cos?6)? | [1+ B./(e—sin?6) ] [ecos 6 + ./(e — sin?) | 


(V. L. Ginzburg and I. M. Frank, 1945). The transition radiation is linearly polarized, and 

the electric vector is seen from (116.5) to be coplanar with k and v. For non-relativistic 

velocities, the radiation intensity is proportional to v’, i.e. to the energy of the particle. 
At an interface with an ideal conductor (£ = 00), formula (116.9) becomes 


(116.9) 





e? uv” sin? 6 


0 (te A 
1(Q, ) n?e? (1 = p? cos? 0)? 


"= 


In the ultra-relativistic case (8 ~ 1), the radiation has a maximum at small angles 
G~ a (1 — B°) formula (116.9) then becomes 


Je-l 4 0? 
Jett| P0 -AF 


This gives as the frequency distribution of the total radiation, with logarithmic accuracy, 


e? 


U (œ, 60) = —- 


n c 








~ j 


U (w) = | MU (w, 0)-270 dé 








E. 
o ee TT (116.10) 


+ When q? > w?/c?, the exponential factors in (116.5) must be written as exp [+x./(q? —w?/c?)], 
corresponding to surface waves attenuated away from the interface. Such waves are necessarily present with 
transition radiation; they will not be discussed here. 
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Using, for sufficiently high frequencies, the limiting expression (78.1) for the permittivity: 
e= 1—0 /0?, wo = 4nNe2/m, (116.11) 


we find that for w > wọ the intensity decreases as 1/w*. Thus the frequencies w S o, 
do in fact give the main contribution to the transition radiation (in the backward 
direction). 

Lastly, let us consider the transition radiation when a particle goes from a medium into a 
vacuum. This problem differs from the previous one only by a change in the sign of the 
velocity v. The differential intensity of radiation into the vacuum when a charged particle 
leaves the medium is therefore given by an expression derived from (116.9) by putting —v 
for v; 8 is now the angle between the directions of k and v (and so @ = 0 corresponds to 
radiation in exactly the direction of motion of the particle):t 


n’c(1 — p? cos*@)’ fi- B./(e—sin76) ] [e cos 0+ / (e—sin?6) ] | 


In the ultra-relativistic case, the radiation has a maximum intensity at small angles 
@ ~ ./(1 — B”). Formula (116.12) then becomes 


U (wo, 0) = (116.12) 


22 S 2 
U (wo, 8) = : wall e (116.13) 
me (le fo FOS | pee I 
If £ is not too close to unity, the last factor in the denominator can be replaced by 
|1— Si e|?, and the frequency distribution is, with logarithmic accuracy, 
2 


e 
Vilo) = — log 





l 
1- f? 
For high frequencies, we again use (116.11) and put, in (116.13), 


2 
1 pV) =4(1 ~p+ 25467) wel x — 0/20. 


The integration over angles gives 


e?’ Wo” ; 
V (o = = log aq py for wo <M < wo/,/(1—f?), 
e fan 1 
n= (oe) apse oF o> AVi- 


These expressions show that the main contribution to the forward radiation comes from 
high frequencies, œ ~ w,/ os (1— 2) (G. M. Garibyan, 1959). The radiation energy 
integrated over all frequencies is then proportional to the particle energy:{ 


U, = e Wo/3c,/ (1 —B?). (116.14) 


+ For a transparent medium (£ may be taken as real), we consider only velocities v < c/„/ £. Otherwise, there 
would be the question of separating the contribution of the Cherenkov radiation emitted forwards by the parti 
in the medium and passing through the interface into the vacuum. This process corresponds to the pole of t z 
intensity (116.12) where 8, / (e — sin?0) = 1. The angle @ given by this equation is just the angle of emergence © 
the Cherenkov cone ray in the medium after refraction at the interface. . 

+ Amore detailed account of topics related to transition radiation is to be found in the review articles by F. G. 
Bass and V. M. Yakovenko, Soviet Physics Uspekhi 8, 420, 1965; V. L. Ginzburg and V. N. Tsytovich, Physics 
Reports 49, 1, 1979. 














CHAPTER XV 


SCATTERING OF ELECTROMAGNETIC WAVES 


§117. The general theory of scattering in isotropic media 


In THE theory of propagation of electromagnetic waves in transparent media discussed in 
previous chapters, a phenomenon has been neglected which, though not prominent, is of 
fundamental importance: scattering. Scattering results in the appearance of scattered waves 
of small intensity, whose frequencies and directions are not those of the main wave. 

Scattering is ultimately due to the change in the motion of the charges in the medium 
under the influence of the field of the incident wave, resulting in the emission of the 
scattered waves. The microscopic mechanism of scattering must be investigated by 
quantum methods, but this investigation is not needed in developing the macroscopic 
theory described below. We shall therefore give only some brief remarks on the nature of 
the processes which cause the change in the wave frequency on scattering. 

The basic scattering process consists in the absorption of the original quantum fiw by the 
scattering system and the simultaneous emission by that system of another quantum ha’. 
The frequency w’ of the scattered quantum may be either less or greater than w; these two — 
cases are called respectively Stokes scattering and anti-Stokes scattering. In the former case 
the system absorbs an amount of energy fi(w — w’); in the latter case it emits h(q@’ — œw) and 
makes a transition to a state of lower energy. In the simple case of a gas, for example, 
_ Scattering takes place at individual molecules, and the change in frequency may be due 
either to a transition of the molecule to another energy level or to a change in the kinetic 
energy of its motion. 

Another kind of process occurs when the primary quantum ha remains unchanged but 
Causes the scattering system to emit two quanta: one of energy hw, with the same frequency 
and direction, and a “scattered” quantum hw’. The energy fi(w + œw’) is obtained from the 
Scattering system. Processes of this type, however, are, under ordinary conditions, very rare 
in comparison with those of the first type.t 

Proceeding now to consider the macroscopic theory of scattering, we must first make 
precise the meaning of the averaging processes performed in that theory. The averaging of 
quantities in macroscopic electrodynamics can be regarded as comprising two operations. 
If, for clarity, we take the classical view, then we can distinguish the averaging over a 
physically infinitesimal volume with a given position of all the particles in it, and the 
averaging of the result with respect to the motion of the particles. In the theory of 
scattering, however, this procedure is impossible, because the averaging with respect to the 
motion of the particles annuls the very phenomenon which is to be discussed. Thus, for 
example, the field and induction of the scattered wave which appear in the theory of 


+ We shall see in §118 that this stimulated emission is unimportant at all temperatures T < A(@ + œ). It ae 
become significant for radio waves. 
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scattering must be taken to be those resulting from the first averaging only. It should be 
noted that in the quantum treatment one can of course refer to averaging over a volume 
only for an operator of a physical quantity, not for the quantity itself. The second stage of 
the averaging consists in determining the expectation value of the operator by means of the 
quantum probabilities. Hence the electromagnetic quantities mentioned below should, 
strictly speaking, be understood as quantum operators. This, however, does not affect the 
final results of the theory given in the present section, and to simplify the formulae all 
quantities will be treated as classical. 

The monochromatic components of the fields in the scattered wave, taken in this sense, 
will be denoted in this section by E’, H’, D’ and B’. The fields in the incident wave will be 
denoted by the unprimed letters E, H. In the present chapter we always suppose the 
incident wave to be monochromatic with frequency œw. 

In the propagation of the scattered wave we have the relation D’ = ¢(w')E’ between the 
electric induction and field (the scattering medium being assumed isotropic), but this 
relation does not reveal the phenomenon of scattering, i.e. the formation of the scattered 
wave from the incident wave. To describe this, additional small terms must be included in 
the expression for D’. In the first approximation, these terms must be linear in the field of 
the incident wave. The most general form of the relation is then 


D', = GE + Oi Ey + pe. (1 17.1) 


Here & denotes e(w’); «;, and fi, are tensors which characterize the scattering properties of 
the medium. In general they are not symmetrical, and their components are functions both 
of the frequency w’ of the scattered wave and of the primary frequency œw. The fact that « 
and f are tensors does not, of course, contradict the assumed isotropy of the medium. Only 
the fully averaged properties of the medium are isotropic; the local deviations from the 
average properties, which include the additional terms in (117.1), need not be isotropic. 
The last term in (117.1) pertains to the part of the scattering which results from processes 
of stimulated emission. All the terms on the right-hand side of equation (117-1) must 
correspond to the same frequency œw as D’ on the left-hand side. Since E* has the frequency 
—q, the frequency of the quantities £,, must be w+’ to make the frequency of the 
products f;, E,* equal to w’. But œ +’ is the frequency which characterizes processes of 
stimulated emission. Because this effect is small, as mentioned above, we can neglect the 
corresponding term in (117.1), and in what follows we shall write ` 


D', = g'E'i+ oy Ey.- (117.2) 


Similar formulae give the relation between B’ and H’. We shall, however, neglect the 
magnetic properties of the medium, which are usually of no importance as regards the 
scattering of light, and therefore put B’ = H’. 

Maxwell’s equations for the field in the scattered wave are curl E’ = iw H'/c, curl H a 
~iw'D'/c. Eliminating H’ from these equations, we find curl curl E' = œ°D'/c. 
Substituting from (117.2) E’ = D’/e’—a-E/s’, where «-E denotes the vector whose 
components are «,,E,, and using the equation div D’ = 0, we obtain for D’ the equation 


AD’ +k?D’ = — curl curl (a -E), (117.3) 


where k’ = w./e'/c is the wave number of the scattered wave. 
For an exact formulation of the conditions under which equation (117.3) is to be solved, 
we divide the scattering medium into small regions (whose dimensions are still large 
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compared with molecular distances). On account of the molecular nature of the scattering 
processes, their correlation at different points in the medium (assumed non-crystalline) 
extends in general only to molecular distances.t Hence the scattered light from the various 
regions is non-coherent. We can therefore treat scattering from one region as if the light 
were not scattered at all in the remainder of the medium. In this way we calculate the field of 
the scattered wave at a large distance from the scattering region. Using a well-known 
approximation for the retarded potentials at a large distance from the source (see Fields, 
§66), we can immediately derive the required solution of equation (117.3): 

exp (ik’ Ry) | 

Ro 


l 
D’ = 4, cul curl a:Eexp(—ik’-r)dV. (117.4) 


7 
Here R, is the radius vector from some point within the scattering volume (the integration 
being over that volume) to the point where the field is to be calculated; the vector k’ is in the 
direction of Ry. The integral in (117.4) is independent of the coordinates of the point 
considered; retaining in the differentiation, as usual, only terms in 1/R,), we obtain 


exp (ik’ Ro) 
4nRo 


D = Kx [k x [aE exp(—ik rar} 


Since, at the point considered, the medium is regarded as not scattering, the relation 
between D’ and E' there is given by D’ = ¢’F’ simply. In the field of the incident wave E we 
separate a factor periodic in space, putting 


E = E, ek = E, eetk: (117.5) 


in the second equation, the complex amplitude E, is written as E,e, where Ep is a real 
quantity (Eo? = |E,|*), and e is a complex unit vector (e-e* = 1) which defines the 
polarization of the wave. With the notation 


G=f{(a-ee“4"dV, q=k—k, (117.6) 
we then have 
| PAE kR © Oy x (k’ x G) 
4nRoe 


Eek 
4nRoe 





= kR Gi (117.7) 


The vector E’ is perpendicular to the direction k’ of the scattered wave, and is given by the 
component G, perpendicular to k’. 

Having thus determined the non-averaged field in the scattered wave, we can now 
investigate the intensity and polarization of the scattered light. To do so, we form the 
tensor 

fe <£,£',*>, (117.8) 


where the brackets denote the final averaging over the motion of the particles, which so far 
has not been carried out. The averaging of a quadratic expression gives, of course, a result 





+ Exceptions may occur for particular cases of scattering, which will be discussed in §120. In such cases the 
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which is not zero. Since E’ is perpendicular to k’, the tensor I; has non-zero components 
only in the plane perpendicular to k’. These components form a two-dimensional tensor 1, j 
in that plane (Greek suffixes take two values). The tensor I, 18, by definition, Hermitian: 
Ip = Iba”. It can be diagonalized, and the ratio of its two principal values gives the degree 
of depolarization, while their sum is proportional to the total intensity.t 

The products E’,E’,* involve products of integrals G,, which must also be averaged. 
Writing the product as a double integral, we have 


(G,G,* > = elm f f LUI Dim » exp[— iq: (r; — r2) ]dV, dV. (117.9) 


The indices (1) and (2) mean that the values of « are taken at two different points in space. 
In averaging the integrand it must be remembered that the correlation between the 
values of « at different points in the body extends in general only over molecular distances. 
After averaging, therefore, the integrand will be appreciably different from zero only for 
|r. —r,|~ a, where ais of the order of molecular distances. The exponent is ~ a/A, where 
A is the wavelength of the scattered wave; but a/À <1 if the macroscopic theory is 
applicable, and so we can replace the exponential factor by unity.t 
Next, the integration with respect to the coordinates r, and r, can be replaced by one 
with respect to5(r, + r,)andr = r, —r,. Since the integrand depends, after averaging, onr 
only, we have 
CG.GF> = Vee* (Coa Ory di. (117.10) 


where V is the volume of the scattering region. It is evident a priori that the scattering must 
be proportional to V. It should be noted that the direction of the wave vector k in the 
incident wave appears neither in (117.10) nor, consequently, in the following formulae. 

The integrals in (117.10) form a tensor of rank four, which depends only on the 
properties of the scattering medium. Since the medium is isotropic, this tensor must be 
expressible in terms of the unit tensor 6, (and scalar constants). Before giving the 
appropriate expression, we should note that the tensor «,,, like any tensor of rank two, can 
in the general case be represented as the sum of three independent parts: 


On = XÔ ik + Sig + liks (1 17.11) 


where « is a scalar, s; is an irreducible (i.e. with zero trace) symmetrical tensor, and a;, 1S an 
antisymmetrical tensor: p ; 
gi at 2 = tee A 
X = Flis Sik = 2 (Cik + Api — 3% ir) Aik = 2 (ik — Ari). (117.12) 


On averaging the product «,,('x,,,(2*, a non-zero result can occur only for products of 
components of each of the three parts of «,, separately; clearly, the unit tensor cannot be 
used to form an expression whose symmetry properties correspond to those of cross- 
products. It follows that the tensor of rank four can be written as 


f U aR > AV = G01 0pm + 10G; (ÔikÔim + Sim Ont — $50) 
T iG, (ÔikÔim a OimOnt ), (J 17.1 3) 


+ See Fields, §50. The diagonalization of an Hermitian tensor means putting it in the form 
= Aini" + Anza”, where n,, n, are, in general, perpendicular complex unit vectors: n, “n,* = 1,n.-n,” = b 
n, -n,* = 0. The principal values 4,, 42 of an Hermitian tensor are real. ; said 

t This procedure requires further discussion in the case of Rayleigh scattering (§120). 
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where the symmetry of the three terms corresponds to the products of the scalar, 
symmetrical and antisymmetrical parts of the tensors «,") and Om. Contracting this 
expression with respect to various pairs of suffixes, we obtain three equations, from which 
the significance of the coefficients in (117.13) becomes evident: 


Go 2 feia 5dr, 
G, = | <s P sa t > dV, (117.14) 


Ga = f Ca a * DV. 


These quantities are real and positive.t 
The tensor I, thus becomes 


I, = constant x [Goee,* + 76 Osli + eže — 2e.¢,*)+$G,(6, E e), (117.15) 


the constant being independent of the direction of scattering and of the incident wave 
polarization. This tensor is, of course, not yet transverse to k’. The required tensor I, 1s 
obtained by projecting the tensor (117.15) on a plane perpendicular to k’; to do this, it is 
sufficient to take a coordinate system with one axis in the direction of k’ and find the 
components of the tensor along the other two axes. 

In the general case, scattering can be regarded as a superposition of three independent 
processes of scalar, symmetric and antisymmetric scattering, corresponding to the three 
terms in (117.15). 

If this separation is not important, it may be convenient to put (117.15) in another form, 
combining similar terms: 


I, = constant x {4(a+ c)ee,* + (a — c)e;* ep + bé;,}, (117.16) 


where 
a= Go t56, —4Go = EG, +6G,, C= —1G,+4G, (117.17) 


Formula (117.15) or (117.16) determines the angular distribution and polarization 
properties of the scattered light. In particular, on projecting this tensor on some 
polarization vector e’ (which defines the direction of E’), we obtain the intensity of the 
scattered light component polarized in a particular way, which could be distinguished by 
means of a suitable analyser: 


Ie *e', = constant x {Gole-e’* |? + 796G,(t + le "e|? 


-3le e*l) +}G(1— lee) (117.18) 


+ The fact that the tensor (117.13) is real, and therefore so are the coefficients in it, is evident from the 
automatic symmetry of this tensor with respect to interchange of the pairs of suffixes il and km, this interchange 
being equivalent to taking the complex conjugate (since the points 1 and 2 are equivalent). The coefficients are 
positive because they can be expressed as the square of a modulus (or as the sum of such squares) by a 
transformation opposite to that used in going from (117.9) to (117.10). For example, 


1 
Go = z <Ifa®ar]? >. 


{ Formula (117.15) and the subsequent deductions made from it differ only in the definition of Go, G, and G, 
from those in the Placzek quantum theory of scattering by separate freely oriented molecules (QED, §60). 
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or 
I,,€';*e',, = constant x {5(a+c)le-e*|? + 4(a—c)le-e'|? +b}. (117.19) 


Let us consider the scattering of a linearly polarized wave. This corresponds to a real 
vector e; see Fields, §§48, 50. The components of the scattered light tensor I ag are therefore 
all real also. This means that the scattered light is partially polarized, and can be divided 
into two independent (non-coherent) waves, each of which is linearly polarized. Since there 
is only one distinctive direction in the plane perpendicular to k’, given by the projection of 
the vector eon that plane, it is evident that one of these waves is polarized with the vector e’ 
in the plane of e and k’, with intensity 7}, say, and the other is polarized perpendicular to 
that plane, with intensity I,, say.t 

When e is real, the expression (117.16) reduces to 


I; = constant x (ae,e, + bé,,). (117.20) 
This contains only two independent constants, not three. Accordingly, 
I,,¢’,e', = constant x [a(e-e’)? +b] 
and, taking e’ in the two directions mentioned above, we find the angular distributions of 
the two non-coherent components of the scattered light: 

I, = constant x (asin? +b), I, = constant x b, (117.21) 
where @ is the angle between e and the direction of scattering k’. The second distribution is 
isotropic. 

When natural light traverses the medium, the scattered light is partially polarized. The 


corresponding tensor 1, is obtained from (117.16) by averaging over all directions of e in 
the plane perpendicular to k. This averaging is effected by means of the formula 


€;€,* = (Ôi — nN) (117.22) 


(where n = k/k), which represents a tensor of rank two depending only on the direction of 
n, giving unity on contraction, and satisfying the condition 


nee,* = (n-ee,* = 
In the scattering of natural light, therefore, ` 
I, = constant x {Za(6,, — nny) + b6,,}. (117.23) 


It is evident from symmetry that the two non-coherent components of the scattered light 
are linearly polarized, with the vector ¢ in the plane of k and k’ (the scattering plane) and 
perpendicular to it; let the intensities of these components be I, and /, respectively. The 
formula 
I ee, = constant x {4a[1 — (n-e’)?] +b} 
ves 
I, = constant x (tacos?9 +b), I, = constant x (ja + b), (117.24) 


where & is the scattering angle (between k and k’). 


+ We must again emphasize the necessity of distinguishing the polarization state of the scattered light 45 
such from the polarization e’ that is registered by a detector. 
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We shall also give expressions for the angular distribution and polarization properties of 
each of the three types of scattering separately. These are found from (117.21) and (117.24) 
by simply substituting for a and b the corresponding terms in (117.17). 

In scalar scattering of linearly polarized light, the scattered light too is completely 
polarized, and its angular intensity distribution is given by 


= $sin76; (117.25) 
here and henceforward, the expressions for I are normalized so as to give unity on 
averaging over directions. In scattering of natural light, however, the angular distribution 
of the intensity and the degree of depolarization (the ratio of the smaller and larger of J, 
and I) of the scattered light are given byt 

I = I, +1,=3(1+cos?9), 1,/1, = cos? 8. (117.26) 
For symmetric scattering of polarized light, we have 
I=1,4+1, =3(6+sin’6), 1,/1, = 3/83 + sin*6), (117.27) 
_and for scattering of natural light 
I = 3(134+cos79), I/I = (6 + cos? 9). (117.28) 
Lastly, for antisymmetric scattering of polarized light, 
= ł(1 +cos?0), I/I, = cos?0, (117.29) 
_and for scattering of natural light 


I = 3(2+sin* 9), A 1/(1 + sin? 9). 


§118. The principle of detailed balancing applied to scattering 


The general principle of detailed balancing in quantum mechanics (see QM, §144) can be 
used to obtain a relation between the intensities in various scattering processes. 

Let dw,, be the probability that a quantum hœ; is scattered (on a path of unit length) and 
gives rise to a quantum ho, in the solid angle element do,;} let dw, , be the probability of 
the converse process, in which a quantum hw, yields a quantum ha, in the solid angle 
element do,. According to the principle of detailed balancing we have dw2, /k5 de; 
= dw,,/k,7do,, where k, and k, are the wave numbers of the two quanta. Substituting k,7 
= €,0,7/c?, k}? = &,0,7/c? (where £ = €(@,), €2 = &(@2)), we obtain 


£,0,7dw,,/do, = £,00,7dw,,/do,. (118.1) 


Here it is assumed that the initial and final states of the scattering system correspond to 
discrete energy levels E, and E,, related by E, +hw, = E, + hoy This statement of the 


+ The passage from the formulae for I(@) to those for I(9) corresponds to averaging in accordance with 
sin7@ = 3(1 + cos? 9); 

compare the derivation of (92.6) from (92.3). 

t The two quanta also have definite polarizations, but for brevity these are not shown. The order of suffixes in 


dw, corresponds to that which is usual in quantum mechanics, with the initial state on the right and the final 
state on the left. 
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problem is not quite true to reality, since the energy levels of a macroscopic body are 
extremely closely spaced and can be regarded as quasi-continuous. 

Instead of the scattering probability dw,, with an exactly determined frequency change, 
we must therefore use the probability of scattering into a frequency range da,, i.e. of the 
body’s entering a state whose energy lies in a range dE, = hdw,. Denoting this probability 
(again per unit path length) by dh,,, we have dh,, = dw,,dI, = dw,,(dI’,/dE,)hdo,, 
where dI, is the number of quantum states of the body in the energy range dE,. Instead of 
(118.1), we therefore have 


Tao, a Ma oy 2 Shan 
dE, do,dw, dE, do, da, 








According to a well-known relation between the statistical weight of a macroscopic state 
of a body and its entropy S, the derivative dI'/dE is essentially exp S, so that 
(dT, /dE,):(dI',/dE,) = exp (F, — S 2). Since the relative change in the energy of the body 
resulting from the scattering of one quantum is negligible, the change in entropy is 
also small, and can be taken as S, — F, = (dY/dE\(E, — E,) = h(w, — w,)/T. Using this 
result, we can write the final expression of the principle of detailed balancing for scattering 
in the form 
dh,» 


do, dw, 


dh, 
do, dw, 





e NE ep = e tole 





(118.2) 


The quantity dh,,, whose dimensions are cm™’, is called the differentia! extinction 
coefficient for scattering of light. It can also be defined as follows: dh,, is the ratio of the 
number of quanta scattered in the direction do, and the frequency range dw, per unit time 
and volume to the incident photon flux density. By integrating dh,, over all directions and 
frequencies of the scattered light, we btain the total extinction coefficient, which represents 
the damping decrement of the photon flux density as the light passes through the scattering 
medium. 

Let w, < @,. The relation (118.2) connects the intensities (extinction coefficients) of 
Stokes (1 > 2) and anti-Stokes (2 > 1) scattering. We see that the latter is in general less 
than the former by approximately the factor e~(1—2)/". This is a very general result, and 
corresponds to the fact that the transfer of energy from the body to the elegtromagnetic 
field reduces the probability of the process by a factor e~4*/", where AE is the energy 
transferred. In particular, the stimulated emission, in which the body gives up an energy 
h(@, + ) in each scattering process, is therefore usually very weak. The probability of 
such a process, when h(w, +@,)> T, contains the small factor e~*@: +07, 

The general relation (118.2) is much simplified in the important case of scattering with a 
relatively small change in frequency. We shall denote w, by œ simply, and the small 
difference w, — w, by Q (IQ| < œw), and put for brevity 


dh, ,/do, dw, = I(a, Q). (118.3) 


In the non-exponential factors ew? in (118.2) we can neglect the difference Q; these factors 
then cancel, leaving 
Iw, Qe FE = o+, —OD)e HO + O/T. 


In the first argument of the function I(@ +Q, — Q), which gives the initial frequency of the 
light, we can neglect Q, i.e. refer the scattered intensity to the slightly different frequency 
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of the incident light. Then 
Hw, Q) = I(o, — Q)e— 22/7, (118.4) 


In this approximation I on each side of the equation refers to the same frequency of the 
incident light. In other words, the relation (118.4) gives a simple relation between Stokes 


and anti-Stokes scattering of the same light with the same magnitude of the frequency 
change Q. 


PROBLEM 


Determine the relation between the intensities of stimulated Raman scattering (§112) and ordinary 
(spontaneous) scattering. 


SOLUTION. The probability of stimulated scattering is found from that of spontaneous scattering by 
multiplying by Ny, the number of photons in the quantum state with wave vector k,. In order to relate this 
number to the field E, of the scattered wave, we must regard the latter as almost monochromatic, and equate the 
expressions for the field energy (per unit volume) in terms of the number of quanta and in terms of the field: 


d'k, cfe, dk 
hw Ny i = vëz dka pe, 
2 (27) & do, 





(1) 


the right-hand side being written in accordance with (83.9). On the left-hand side, the factors which vary 
only slightly over a narrow frequency range can be taken outside the integral after substituting 


d?k, = k,?(dk,/dw,)do,dw, = (e7a,7/c*)(dk,/dw,)do,de,. 





Then y 
dk, ho,?./e, dk, 
[rone = Ree io N, doz doz, 
and (1) gives 
nc? 
[Ni,derdo; = |E..|?- > 
ho? /e, 
The incident photon flux density is, from (83.11). 
25 = cyii e {2 
ho, © 8nho, ` 








dU, 5, 
F fog Or N,,,d@,do, 
nc* ee ee 
= 5. JIE, Eo, 9) (2) 
Bho E2 


with © = w,—w,. The field E, also loses energy by the stimulated scattering of photons hw, with their 
conversion into photons hw,. The energy thus gained by the field E, is expressed by formula (2) with the suffixes 1 
and 2 interchanged. The energy lost by the field E, is then found by multiplying by —@,/a,; see (112.8). It is 
4 
o me Ke £2 E 
8w, /e, 


Adding the two expressions, and expressing I(c2, — Q) in terms of I(@,,Q) by means of (118.2), we find the total 
energy change of the field with frequency w: 


— = —— A — 9 AQ/T 2 2 


The growth rate (when œ, < @,) of the scattered radiation intensity at frequency wz, per unit path, is 


i? [E21 T02, — 9). (3) 
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q2 = (1/S,)dU,,/dt, with dimensions 1/cm. The final form of the relation is then 


(27)? ( js 
ae (ie eee 5 
2 kho, Hi dod, 3 


where k, = wz /. £2/c, and S, is the energy flux density of the incident light at frequency œ. 


§119. Scattering with small change of frequency 


The theory given in §117 is entirely general, and is applicable to all cases of scattering in 
an isotropic medium, whatever the mechanism of scattering. Such a general discussion, of 
course, cannot proceed very far, and a further investigation of the phenomenon of 
scattering requires some restrictive assumptions. 

Usually, the scattering of light involves only a relatively small change in frequency, 
© = w — ow. The calculations given below pertain to this case. Besides the condition 
IQ] < œw, we shall suppose that the relative change in the refractive index of the medium 
over the frequency range Q is small. This condition means that the frequency w must not 
lie close to a range or line in which the scattering medium is also absorbing. 

If % is in the optical range, the microscopic mechanism of scattering with small Q may 
involve various kinds of motion of atoms and molecules (i.e. of nuclei, as opposed to the 
purely electronic motions which give rise to optical transitions), including intramolecular 
vibrations of atoms, rotations or vibrations of molecules, etc. 

Let q = q(t) denote the set of coordinates describing the motion which causes the 
scattering. (For simplicity, we shall first give a classical discussion.) Since this motion is 
relatively slow, the macroscopic description of scattering can be regarded from a different 
standpoint by introducing the permittivity tensor E;,(q), whose components at any instant 
depend only on the values of the coordinates q at that instant as parameters. This property 
follows from the assumed slowness of the relative change in £. The permittivity thus 
defined pertains to the field averaged with respect to the electron motion for a given 
position of the nuclei. When the averaging of the field (including that with respect to the 
motion of the nuclei) is carried out, the permittivity reduces to the scalar e(w). Let the 
deviation of £; from this value be d¢,,: 


Eala) = 66, + Eld). (119.1) 


The tensor ¢;, gives the relation between the field and the induction as functions of time. 
It should be emphasized that the incident wave is still assumed to be monochromatic with 
frequency w, but the field EF’ in the scattered wave is now regarded as a function of time, not 
resolved into monochromatic components. The total field consists of the field E in the 
incident wave and the field EF’ in the scattered wave. Thus D; + D’; = €,(E, + E). 
Cancelling D; = £E; and omitting the second-order term 6¢,,E’,, we obtain 


D', = &E', + ôe (qQ) E,- (119.2) 


The relation (119.2) is of the same form as (117.2). There is a difference, however, in that 
with this approach it is clear that the tensor &; = d€,, is symmetrical. This follows at once 
from the general theorem concerning the symmetry of the permittivity tensor: 
Furthermore, since this tensor is real for a transparent medium, the tensor d¢,, is also real. 


+ Here it is assumed that the relevant values of Q are much smaller than the electronic transition frequencies. 
This condition may be violated in a gas consisting of molecules which have a degenerate electronic ground state. 
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Since the tensor &;, has no antisymmetrical part, there is no antisymmetric scattering 
(§117) with small change in frequency. 

Let us calculate the total scattered intensity with all frequency changes Q = w —w < w. 
| This can easily be done as follows. In equation (117.3) for the field in the scattered wave we 
ican replace k’ by k = o,f e/c (and take the value a; = ĝ£; for w = w); this equation does 
not then involve w’, i.e. it is the same for every component of the spectral resolution of the 
field. The equation 1s therefore valid for the unresolved field in the scattered wave, which 
we shall denote by the same letter E’. Using the solution (117.7), we obtain 






21-4 


E125 = Eo°k Gi?) sin?@ = Ew 2 
4 in RES |-> sin Tep <8 “IGP sin?0, 


where @1s the angle between k and G, and the brackets denote, as in §117, the final average 
with respect to the motion of the particles. 

We define the extinction coefficient h as the ratio of the total intensity of light scattered 
in all directions per unit volume of the scattering medium to the incident flux density: 


= —— |<|E'|?> Rodo 119.3 
mak P > Ro*do’ (119.3) 
in which we have put é(w’) = e(w). 
| For the reason given in §117, in calculating the mean value < |G|? > the exponential 
factor in the integrand of G is replaced by unity, so that 

[|G]? » = Velm f COE Og » dV; 
cf. (117.9), (117.10). The expression in the angle brackets is a tensor of rank two, and, since 
the medium is isotropic, it gives on averaging 

LOE Eim > = Fim OE OE” >. 
The mean square 

<|G i? >= 4V f LOEn OER ydy 


is then independent of the direction of scattering, and the result of the integration in 
(119.3) is 


4 


O (82. 
~~ 187c 





| < 66469 SEn À > AV. (119.4) 


The integrand here is the correlation function of the permittivity fluctuations at different 
points r, and r, in the medium at the same time; the integration is taken with respect to the 
difference of coordinates r = r,—r,. If we return to integration over dV, and dV2, 


formula (119.4) becomes 
at 


h=— 4 V (oe, >y, (119.5) 


where < . . . >, denotes the mean square fluctuation in the volume V. It may be noted that 
the total extinction coefficient is independent of the polarization of the incident light. 





t This definition differs by a factor œ /w from the definition (in terms of the number of scattered quanta) given 
in §118. In the present case this factor may be taken as unity, and the two definitions are equivalent. 
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The formulae derived above enable us to consider scattering macroscopically as 
occurring at fluctuational inhomogeneities in the medium. In this treatment, the angular 
distribution and spectral composition of the scattered light are determined by the 
space-time characteristics of the fluctuations, i.e. by the correlation functiont 


C 084 (t), Ei )ÔEkm (t2, 02) > 


between the fluctuations at different points at different instants. 
In order to see this, we expand the time-dependent quantities 5¢,, as a Fourier integral: 


CO 


dQ | 
0€;,(t) = | ÒEirge Fz?’ Fig = | 6&;, (Hen dt. 


“100 


Each component ô£;oe 7 then acts as a, in the relation (117.2) between the 
monochromatic components of E and D’, with w = w+. Next, representing the 
expressions quadratic in the field as double integrals, similarly to (117.9), we easily find the 
differential extinction coefficient with respect to frequency and direction: 

4 


w r i i dQ 
dh = ana ere MA Ai (tuðin)on -do On? (119.6) 
where we have used, in accordance with the notation of SP 2, Chapters VIII and IX, the 
space-time Fourier expansion component of the correlation function: 


oO 


(ÔE OE, Jog | | C 085 (11, Fi )ÔEkm (t2, r2) pe dtrdV (119.7) 


= 0 


(t = ti —t2,r =r; —r,). Formula (119.6) relates to the scattered light component with 
polarization e’ recorded by an analyser. The term “spectral distribution” refers to the 
strong dependence on Q within the scattering line; the slowly varying factor w’* is replaced 
by w*. The factor e~it" is retained in the integrand (1 19.6). Its replacement by unity in the 
expression for the spectral distribution may be inadmissible even if it can be done for the 
Scattering integrated over frequencies (see §120). 

Hitherto, the discussion has been presented in terms of classical mechanics..Jn the 
quantum description, the coordinates q, and therefore the de,,, are replaced by the 
corresponding quantum-mechanical operators in the Heisenberg representation. It can be 
shown (see the end of this section) that formula (119.6) then remains valid if (6&5&4m)oq!§ 
taken as 


(ÔE Erm) og = | | C Gb pm (t2, r2 OE (t1, r) Dee dtd V. (119.8) 


The angle brackets now denote complete (both quantum and statistical) averaging Over 
the state of the medium. Since the operators 6é,, at different times and positions do not 


+ This function depends, of course, only on the difference t = 1, — t2. The second stage of averaging anc 
by the angle brackets), as applied to the product of fluctuations shown, may be regarded as an averaging over the 
“initial” instant t, for a given t. 


§119 Scattering with small change of frequency 425 


commute, the order of the operators in (119.8) is significant. This non-commutativity is the 
reason for the dependence of the scattering intensity on the sign of Q in (118.4); in the 
classical limit, there is no such dependence. The quantum formula necessarily satisfies the 
relation stated. 

The extinction coefficient integrated over frequencies is obtained by integration with 
respect to Q; in view of the rapid convergence outside the absorption line, the integration 
may be extended from — œ to œ (Q is the difference w — w, and its positive and negative 
values are therefore physically distinct). The integral 

oç 
f €™dQ/2r7 = (0), 
—™ o0 
and the delta function is then eliminated by integrating with respect to t, so that the time- 
difference correlation function becomes a single-time function. The differential extinction 
coefficient with respect to directions is 


4 
dh = veh fe’ ;* e pe1€m* (En 5Epm)y } dO, (119.9) 
| where 
(565m), = | <e ep, P De dV (119.10) 
q 


is the Fourier component of the single-time correlation function. When q = 0, the angular 
distribution depends only on the polarization factors, and we return to the formulae 
derived previously. 

The retention of the factor e`" (not equal to unity) in the integral (119.10) 
considerably complicates the angular distribution and the polarization properties of the 
scattered light.f In particular, it is not correct to divide the scattering into two parts (scalar 
and symmetric) given by the first two terms in (117.18). An essential point here is that the 
tensor (DE; OE hm )g need not be a true tensor as it must when q = 0; it may contain 
pseudotensor components (see Problem 2). These terms are allowable if the isotropic 
medium consists of molecules with right-left asymmetry and is therefore not invariant 
under inversion. 

Finally, let us discuss briefly the quantum derivation of (119.6) and (119.8). 

The perturbation operator in the Hamiltonian of the system comprising the medium 
and the field is the integral 

V=- [nitar (119.11) 
87 
where E is the quantized electromagnetic field operator. After averaging over the 
Stationary states of the system and statistical averaging over the Gibbs distribution, this 
Operator gives the change 6¥ in the free energy when there is a slow change in the 
permittivity; see (101.24). 


The operator Ê is expressed in terms of the annihilation and creation operators for 
photons in the state w, k, e: 


~~ 


TU! a o o. i 
EK — iy ( as ) {é,, eel eee (ete Kron) (119.12) 





t In §§121-123 we shall meet with cases where it is not permissible to put q = 0 in (119.10) even for the 
scattering integrated over frequencies. 
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where u = dw/dk (the normalization volume is taken as unity). This expression differs 
from the one for the field in a vacuum (see QED, §2) by the factor (u/,/e)!/? in the 
normalization coefficients, which originates from the factor we ¢/u in the energy density 
(83.9) for a plane electromagnetic wave in the medium.t 

The probability of a transition in which a photon k is absorbed, a photon k’ is emitted, 
and the medium goes from a specified initial state (suffix n) to any final state (f) is (see 
QM, (40.5)) 


2 A3 


2r?’ 


(119.13) 








dw= F : | <ksiv iin pat 
i = oD 


with the matrix element 


C e. 
i Ek eiQt-q-n dg V, 
4n 





aah 
Ck’f|V kn) = ort |e 
cje 


Q=oa'-—o, q=k—k. 


The integral in (119.13) is written as a double integral over dV, dV, dt, dt, , and we use the 
fact that 


>. (ey) yn Oe s = (dep Ob ie: 
JS 


The integrand depends only on the differences r, — r, and t, — t2. The probability dw 
therefore contains as a factor the total observation time t. The extinction coefficient sought 
is defined as dh = dw/tu. The final statistical averaging over states of the medium gives the 
required result. 


PROBLEMS 


PROBLEM 1. Find the general form of the polarization dependence for scattering in an isotropic medium, 
taking into account the momentum 4q transferred to the medium (B. Ya. Zeľdovich, 1972). 


SOLUTION. The problem amounts to that of finding all the independent rank-four tensor combinations + 
having the symmetry of the tensor (585m) Which can be formed from the unit tensor 6,,, the antisymmetric 
unit tensor e,,, and the components of the vector v = q/q; they must be symmetrical in each pair of suffixes iland 
km, and invariant under interchange of these two pairs (which is equivalent to interchanging the points r, and r2, 
and therefore to changing the sign of r) with a simultaneous change in the sign of v. These conditions are satisfied 
by the combinations 


(1) SiOims 

(2) ÔikÔim + On Sims 
(3) Öit Vk Ym + Sim Yi Mt» 
(4) On¥%mt -> 
(5) ViVe V Ym 

(G) Vier On + EET 
(7) v 


pEpikY mt ---3 


+ The normalization coefficient in (119.12) is obtained from the condition that the eigenvalues of the field 
energy density operator should be È (Nge + 3) ho, where N pe are the photon quantum state Occupation numbers. 
The photon energy in the medium is hw, and the momentum is hk (k = œ ai e/c); these are in the exponents 1N 
(119.12). To avoid misunderstanding, it should be emphasized that the momentum hk includes not only the 
contribution from the field as such but also the momentum acquired by the medium in the photon emission 
process. 
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three terms obtained by symmetrization have been omitted from (4), (6) and (7). These combinations together 
correspond to an angular distribution 


file-e’*|? +h (1 +le-e |} +f {lee*)(v-e*v-e)tc.c} +h {lv-e]?+|v-e |? + 
[(e-e)(v-e*)(v-e'*)4+e0} +f -e)(v-e')|*+ifKv-{exe*+e* xe + 
[e xe (e*-e'*)—cc.]}+if,v-{e'* xe'(v-e)(v-e*) +e xe*(v-e')(v-e'*) + [exe (v-e*)(v-e'*)—c.c.]} 


in which f, . . ., f; are real functions of Q and q. In a medium which allows inversion, only the first five terms 
appear, and the first two are equivalent to the first two in (117.18). Ina medium having no centre of symmetry, the 
last two terms also occur, but they are zero if the polarizations e and e’ are both linear. If the difference between 
the frequencies w and w’ is neglected in q, then v = (n’—n)/|n’—nl, where n = k/k, w = k’/k. In this 
approximation, the term in f} is identically zero, as may be shown by a somewhat lengthy calculation in which 
each of the vectors e and e’ is resolved into two components in the scattering plane and perpendicular to it. 


PROBLEM 2. Determine the radiation from the motion of a fast particle with a speed below that of light in a 
light-scattering medium (S. P. Kapitza, 1960). 


SOLUTION. The radiation in this case may be regarded as due to the scattering of the particle field by 
fluctuations in the permittivity of the medium. The energy emitted per unit time from unit volume when the 
field scattered is monochromatic may be writtenas W = hS = he Ve ¢°|E|*/8z, where S is given by (83.11) and his 
the light extinction coefficient. In this form, the expression is valid for a field E of any origin. 

The field of the moving particle has a continuous spectrum of frequencies. Hence, in order to obtain the 
radiation in the frequency range dw (from unit volume over the whole time of passage), we must replace |E|? by 
2|E,, (t)|? dw /2x (see Fields, §66), where E, is a time Fourier component of the field. Integration over the volume 
gives the frequency distribution of the total radiation: 





h 
dW, = deo Ae fierar. 


827 


For this expression to be valid, it is necessary that the field should change only slightly over atomic distances, or 
more precisely over the correlation distance of the permittivity fluctuations in the medium. Moreover, in order to 
neglect the frequency shift in scattering, the velocities of the molecules in the medium must be much less than the 
particle velocity v. 

The field of the moving particle is given by (114.7) and (114.8). We have 


E= [Eyer aren. 
The field frequency in the particle motion is w = vk,. Hence d*k = dk,d’q =v 'dwd7q, so that 
1 i 
Eo (r)e™™ = — J Eye "dq /(2n)’, 
U 


with k-r = wx/v+q-r. From this, 
2 2! 
1 _ _, dada 
fierar = z [e : Ep ella-4 ee (27) dy 
The integral over dx gives just the particle path length I, and that over dydz gives the delta function (27) ô(q — q’). 


Thus 
fe T I fie |2 d?q 
= v? k (27) 


In this integral, the important values of q are fairly large, such that 





1 e \t 
@ ar I <q < t/a. 


where a denotes the atomic dimensions: in this range, the expression for E, reduces to 
E; = —ikd, = — ig(4ne/eq?)e™ i", 


and the integral is logarithmically divergent. With logarithmic accuracy, the integral is to be cut off at limits 
corresponding to those of the range mentioned. This gives the following final expression for the frequency 
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distribution of the radiation intensity per unit path: 


UC 


he?c 
dF = dW jl = —— 
n 


yu?e?!? log 1/2 (1) 


aw(c? —ev7) 


with the extinction coefficient given by (119.5). 

This radiation is analogous to transition radiation in being independent of the mass of the particle. For 
comparable velocities (though these are on opposite sides of the limit c/ Ni £), the intensity is much less than that of 
the Cherenkov radiation. For example, in gases, with v ~ c, a comparison of (1) and (115.3) shows that as a rough 
estimate 

dF/dFcp ~ a? /A3d3 ~ a/p A, 
where d is the distance between molecules and å ~ w/c; for h, we have used (120.4) with n— 1 ~ Na,and g ~ a is 
the polarizability of the molecule. An estimate for a liquid is obtained by putting d ~a, which gives 


§120. Rayleigh scattering in gases and liquids 


Two types of scattering can be distinguished, depending on the change in frequency of 
the light: (1) Raman scattering, which is the Raman—Landsberg—M andeľshtam effect and 
results in the appearance in the scattered light of lines whose frequency differs from that of 
the incident light, (2) Rayleigh scattering, in which the frequency is essentially unchanged. 

Raman scattering in gases results from a change, due to the incident light, in the 
vibrational, rotational or electronic state of the molecule. Rayleigh scattering, on the other 
hand, does not involve a change in the internal state of the molecule. In the limiting case of 
a rarefied gas, when the mean free path | of the molecules is large compared with the 
wavelength å of the light, scattering takes place independently at each molecule, and can be 
discussed microscopically, using quantum mechanics. 

Here we shall discuss the opposite limiting case, where |< 4A,} and the Rayleigh 
scattering in gases can be divided into two parts. One part is due to irregularities in the 
orientation of the molecules (called fluctuations of anisotropy). The other part is scattering 
by fluctuations in the gas density. The orientation of the molecules is entirely changed bya 
few collisions, i.e. after a time of the order of the mean free time t. Hence the scattering by 
fluctuations of anisotropy results in the appearance of a relatively broad line with its peak at 
œw = wand width ~ h/t. The scattering by fluctuations of density gives a much sharper line 
superposed on the other. As we shall see below, fluctuations of density in volumes ~ 23 are 
of importance in the scattering of light with wavelength A. Since these volumes are large, 
the fluctuations in them occur comparatively slowly, and so the scattered line is narrow. In 
what follows we shall regard this sharp line as being undisplaced. 

The scattering by density fluctuations is scalar scattering; since the density p is a scalar, so 
is the change ôe in the permittivity resulting from a change in p. The change in the 
permittivity in fluctuations of anisotropy, on the other hand, is described by a symmetrical 
tensor d¢,, with zero trace. The latter property follows from the fact that the effect must 
vanish on averaging over all directions. Thus the scattering by anisotropy fluctuations is 
symmetric scattering. 

In liquids the situation is less simple. Raman scattering can arise only from a change in 
the vibrational or electronic state of the molecule; rotational Raman lines do not occur for 


+ More precisely, the necessary condition is | < Asin} 9, where 9 is the scattering angle. This is because the 
expression (119.7) involves the frequency only in the expression q (120.5). 
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scattering in liquids. The reason is that, because of the strong interaction between 
molecules in a liquid, they cannot rotate freely so as to acquire discrete rotational energy 
levels. The rotation of the molecules, therefore, like any motion in which their relative 
position changes, contributes in a liquid only to the relatively broad scattering line at 
w = w, which in this case may be regarded as entirely the effect of Rayleigh scattering. The 
relaxation time of such motions depends on the viscosity of the liquid. 

The possibility of separating from the total Rayleigh scattering in a liquid a part due to 
thermodynamic fluctuations (of density or temperature) depends on the magnitudes of the 
various relaxation times. It is necessary that the relaxation times of all processes of 
establishment of equilibrium in the liquid should be small in comparison with the times 
characterizing the fluctuations concerned. In such cases a narrow undisplaced line is 
observed against a less sharp background called the wing of the Rayleigh line. The 
undisplaced line is due to scalar scattering. The wing, however, does not in general 
correspond in liquids, as it does in gases, to purely symmetric scattering with no scalar part. 

The angular distribution in the undisplaced line is given by the general expressions 
(117.25) and (117.26) for scalar scattering. It is therefore sufficient to calculate the total 
extinction coefficient. Substitution of £; = de6,, in (119.5) gives 


4 





ae 


=a V X68" Dy. (120.1) 


If dp and ôT are the changes in density and temperature, then 
de = (0&/Cp), dp + (Ce/CT ), oT. 


According to the known results (see SP 1, §112), the fluctuations of density and 
temperature are statistically independent (<ôpôT > = 0), and their mean squares are 


(OT) >, =T*/pc,V, <p) Xv = (eT/V)(6p/éP)r, 


where c, is the specific heat per unit mass. Thus we have 


wt Op\ LOEN E T? fde\? 
h= | eae ——} — 120.2 
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a formula first derived by A. Einstein (1910). 

This can be expressed in terms of other thermodynamic derivatives. Taking as the 
independent variables another pair of statistically independent quantities, the pressure P 
and the entropy s per unit mass, we write 


ĝe = (C&/0P),OP + (Ce/0s)pds 


and use the familiar expressions for the fluctuations: 





Ks) >v=c¢,/pV, < (OP)? >, = pTu?/V, 


where u is the adiabatic velocity of sound in the medium: u? = (êP / Op),. With the further 
substitutions 


(2) - (=) oT wets ĝe Ce\ ([de\ 1 
Bec! J-\ es), a aT) NaP) Vapa 
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we obtain Einstein’s formula in the form 


molt of de \ pricey" 
jee E ee (eae | 
6nc* ea) ot) | oe) 


For gases formula (120.3) becomes much simpler. The permittivity of a gas (at optical 
frequencies) is almost independent of temperature, and hence the first term in the brackets 
can be neglected. The density dependence is that e—1 is proportional to p, and hence 


p(ce/ep), = e—1 S 2(n— 1), 


where n = W € is the refractive index. Since, from the equation of state of a perfect gas, 
(1/p)\(ĉp/2P)}r = 1/NT, where N is the number of particles in unit volume. we find that 


h = 20t (n — 1)?/3nc*N. (120.4) 


This formula was first derived by Rayleigh (1881). 

Let us now examine the fine structure of the undisplaced line. This requires a 
consideration of the time variation of the fluctuations. In this respect, thermodynamic 
fluctuations fall into two classes. Adiabatic fluctuations of pressure in a fluid are 
propagated as undamped waves with the velocity of sound u; we here neglect the 
absorption of sound, since it causes only a broadening of the line (see below). Fluctuations 
of entropy at constant pressure, however, are not propagated relative to the fluid, and are 
damped only gradually as a result of thermal conduction. 

Because acoustic perturbations are propagated as waves, the time variation of the 
pressure fluctuations is correlated even over distances much greater than those between 
molecules. This fact was not important in calculating the total intensity (integrated over 
frequencies) of the scattering line, which is determined by the correlation between the 
fluctuations at different points at the same time, a correlation which extends only over 
short distances. The frequency distribution of the scattering intensity, however, 1s 
determined by the fluctuation correlation function for different times, and the presence of 
long-range correlation makes it necessary to retain the factor e~'4"¥ in (119.7). 

In an undamped sound wave, the frequency Q and the wave vector q are related by o? 
= u? q?. Accordingly, the frequency resolution of the correlation function for pressure 
fluctuations (and therefore for the corresponding permittivity fluctuations) consists of two 
sharp lines at frequencies Q = + qu. The magnitude of the vector q = k' —k correspond- 
ing to light scattering is related to the scattering angle 9 (between k and k’) by 


q = |k’ —k| = (2no/c)sinż 9; (120.5) 


since Q = w — w is small, we have put here w = w. Denoting the corresponding value of 2 


by Q, we therefore have 
Q, = + (2nmu/c)sin 5 9. (120.6) 


Thus the scattering by pressure fluctuations results in the appearance of a doublet (called 
the Mande?’ shtam—Brillouin doublet) in which the distance 2|Q, | between the components 
depends on the angle of scattering (L. I. Mandel’shtam, 1918; L. Brillouin, 1922).7 


+ As an illustration, for the typical values u = 1.5 x 10° cm/sec, n = 1.5, scattered light wavelength A= 
5 x 1075 cm, scattering angle 9 = 90", the width of the doublet is Q4/22c = 0.05 cm *. The Rayleigh line wing 
width, however, may reach 200 — 150 cm~ i 
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The fluctuations of entropy have zero frequency, as stated above, and so Scattering by 
them gives a further central line with Q = 0 (L. Landau and G. Placzek, 1933).+ 

Let us determine the intensity distribution of the undisplaced scattering between the 
doublet and the central line. By the intensity of the doublet we mean the sum of those of its 
components, i.e. twice that of either one separately.t The total extinction coefficient given 
by (120.2) or (120.3) is h = hy + ha. 

Since the doublet lines are due to scattering by adiabatic pressure fluctuations, their 
intensity is given by the second term in (120.3), which arises from these fluctuations. The 
adiabatic derivative (€e/0p), can be related to the isothermal derivative by changing to the 


variables p and T: 
ce _ [ e n T {oP Ce 
6p), \Op)r c,p?\ or /,\ eT ), 


If the temperature dependence of € at constant density is neglected, then (0¢/@p), 
= (6e/0p);. To the same accuracy, in the total derivative written in the form (120.2) we may 
neglect the second term; see Problem 1 for a calculation in which these approximations are 
not made. Lastly, using a known thermodynamic formula for the ratio of the adiabatic 
and isothermal compressibilities (see SP 1, (16.14)) 


Öp c, { cp 
obh EL oy A 120. 
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we obtain the Landau—Placzek formula for the doublet part of the total undisplaced line 
intensity: he Je, (120.8) 


To determine the shape of the lines, it is necessary to consider the different-times 
correlation function and take account of the dissipative processes which cause the damping 
of the fluctuations. For the pressure fluctuations, these are viscosity and thermal 
conduction. The Fourier components of the correlation function for adiabatic pressure 
fluctuations are 


pTu*y 
SP aae See 120.9; 
( Jog (QF qu)? + u?y? > ( H 
where j : l 1 
E a ——— | |: (120.10) 
2pu Ce 265 


see SP 2, §89. The quantity y is the sound absorption coefficient per unit length; 7 and ¢ are 
the viscosity coefficients and x the thermal conductivity of the medium (see FM, §77). The 
intensity distribution in the line (in each doublet component), for a given direction of 
scattering, is proportional to (120.9). Normalization to unity gives 


F 


oo o ee 120.11) 
27 [(Q —Q,)* +4r?] et l 


t In superfluid liquid helium (the isotope *He), entropy perturbations are propagated as weakly damped 
vibrations called second sound waves, whose velocity u, is, however, much less than that of ordinary sound. The 
central scattering line in superfluid helium is therefore split into a narrow doublet, whose width is given by the 
same formula (120.6) with u, in place of u (V. L. Ginzburg, 1943). i 8 y 

+ The difference between the intensities of the two components is usually, 


unimportant, since AQ, < T. according to (118.4), quite 
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where T = 2uy. This is called the dispersion form of the line, and T is the line width. Taking q 
from (120.5), we find 
29n? i es | 
rT = 7 (1 —cos a Snec+n(2—2) | (120.12) 
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Isobaric entropy fluctuations decay only by thermal conduction. Their correlation 


function is 


2c xq? 


(ös Joa = —* : 





(120.13) 


where x = k/pc, is the thermometric conductivity. The shape of the central line is given by 
a similar dispersion formula (120.11) but with Q, = 0, and the line width is 


T = 2yq? = (4yn*w?/c*)(1 —cos 9). (120.14) 


As already mentioned at the beginning of this section, the above theory is applicable to 
scattering in a liquid if all the relaxation times in it are small compared with the times 
characterizing the fluctuations. It should be borne in mind that, in any liquid, there are 
relaxation times of various orders of magnitude. The most rapid relaxation process, 
apparently, is the decay of elastic stresses in the liquid. The corresponding Maxwellian 
relaxation time is t,, ~ n/G, where G is the modulus of rigidity. The reorientation of the 
molecules, i.e. the decay of the anisotropy fluctuations, takes place less rapidly. The 
corresponding Debye relaxation time is t, ~ na*/T, where a is the dimension of the 
molecule; the difference between t,, and tp is particularly large in liquids with large 
molecules. Finally, various other slow relaxation processes leading to the dispersion of 
sound are also possible (e.g. chemical reactions, slow transfer of energy to vibrational 
degrees of freedom of the molecule). The important processes as regards scattering are 
those for which 1/t is comparable with the frequency of the sound disturbances which 
cause the scattering. We shall merely mention that, when the viscosity of the liquid is 
sufficiently high, and so t,, > 1/qu, the liquid behaves as an amorphous solid with respect 
to the scattering of light. 


PROBLEMS 


PROBLEM 1. Find an exact formula for the ratio of intensities of the central line and the doublet in the 
undisplaced scattering line (I. L. Fabelinskii, 1956). 


SOLUTION. As noted in the text, the second term in (120.3) gives the doublet intensity. The first term arises 
from isobaric entropy fluctuations, and therefore gives the intensity of the central line. Thus 
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From the thermodynamic relations (120.7) and 
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(see SP 1, (16.15)), we find 
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In the Landau—Placzek approximation, the expression in the square brackets is unity. 


The final result is 


PROBLEM 2. Light is scattered in a gas whose molecules are linear, with polarizabilities a, and « , along and 
across the axis respectively. Determine the intensity resulting from the various types of scattering. 


SOLUTION. The total intensity of scattered light (for given vibrational and electronic states of the molecules) 
includes the Rayleigh scattering and the rotational part of the Raman scattering. Since the scattering takes place 
independently at the individual molecules of the gas, the total extinction coefficient is most simply obtained from 
formula (92.4), by multiplying by the number of particles per unit volume N and replacing |aV |? by tap? = 
4 (ay + 20,7): F 
h = sad (x? + 20,2); (1) 





the polarizabilities as defined here and in §92 differ by a factor V. 
The undisplaced Rayleigh line is due to the scalar part of the polarizability, i.e. it is the same as if the 
polarizability tensor of the molecule were 4a,65,,. The same formula, (92.4), therefore gives 


4 


82" N 
Ayndisp isi 74 (44 + 20, )?. (2) 


The difference hyo14;—hynaisp Includes the background (scattering by anisotropy fluctuations) and the 
rotational Raman scattering. In order to separate the former, we must first average the polarizability tensor of the 
molecule with respect to rotation about some particular axis (perpendicular to the axis of the molecule). The 
polarizability along the axis of rotation averaged in this way is evidently «,, and that along any direction in a 
plane perpendicular to the axis of rotation is $(a, + a4). In other words, a molecule rotating about a given axis is 
to be regarded as a particle for which the principal values of the polarizability tensor are g; ,4(a, +0,),4(a, +04). 
Using these, we calculate the symmetrical tensor 0, —4a,5,,, whose trace is zero, and then a procedure similar to 
the derivation of formulae (1) and (2) gives 


Bnw N (a, —o,)” 
hacke = 9c4 6 a (3) 


Finally, the intensity of the rotational Raman scattering is obtained by subtracting (2) and (3) from (1): 


Sna*N (a, — a) 
a a 


§121. Critical opalescence 


The isothermal compressibility (p/P), increases without limit as the critical point is 
approached. The expression (120.2) for the total intensity due to Rayleigh scattering 
therefore increases also. This indicates a marked increase in scattering near the critical 
point, called critical opalescence.} The formula (120.2) itself is, however, inapplicable, 
because near the critical point the single-time correlation between the density fluctuations 
(and therefore the permittivity fluctuations) at different points in space extends to a 
distance of the order of the correlation radius r., which increases without limit as the 
critical point is approached (see SP 1, §§152, 153). Here, therefore, we cannot in general 
replace the factor e~'4"" in (119.9) by unity, even when calculating the total scattered 
intensity (and not just when calculating its spectral fine structure). 





+ The idea that this phenomenon is due to an increase in the density fluctuations was put forward by 
M. Smoluchowski (1908). In relation to the van der Waals theory of the critical point (see SP 1, §152) it was 
discussed by L. S. Ornstein and F. Zernike (1914). 
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This replacement is valid for all scattering angles only if 
kr. < 1, (121.1) 


where k = nw/c is the wave number of the scattered light. In that case, we can again use 
(120.2) for the total extinction coefficient, and it is sufficient to retain just the increasing 
first term (only the density fluctuations increase, not the temperature fluctuations). As the 
critical point is approached from any direction in the p7-plane except along the critical 
isotherm T = 7,, the compressibility increases according tot 


(Cp/eP),oc |TT., y = 1.26. 


Since there is no reason for (Ce/Cp), to become zero or infinite, the scattering intensity 
behaves similarly: 

| hoc |T—-T,|~”. (121.2) 
This increase involves an increased intensity of only the central component of the Rayleigh 
line, not of all the fine-structure components. From (120.8), ha = he,/c,. The factor c, in 
the denominator compensates the factor (p/P); in h, since they increase in the same 
manner. The doublet intensity therefore increases only as c,, i.e. much more slowlyt: 


hc |TT, «20.1. (121.3) 


Sufficiently close to the critical point, the inequality (121.1) for a given k is certainly 
violated, and it is no longer permissible to replace the factor e— 4" by unity; this occurs 
later for small scattering angles.§ Let dh be the differential extinction coefficient for 
scattering into a solid-angle element do’, i.e. for a given value of q = k’ — k. Considering, 
for definiteness, the scattering of unpolarized light, and using the result that the angular 
dependence related to the polarization state of the light in the case of scattering by scalar 
fluctuations is given by the factor I (117.26), we have 
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dh = (57), -4(1 + cos” ye (121.4) 
with 
(Ge), = (0¢/0p),’ (p°). 
In the immediate neighbourhood of the critical point, where 
kr. > 1, (121.5) 


for not too small scattering angles gr, > 1 will also hold. In this angle range, the important 
distances in the integral (5p? ),arer ~ 1/q > r.. where the density fluctuation correlation 
function follows a power law||: 


<p Pp y ocr 449, € = 0.04. 


t All the results used in this section concerning the variation of thermodynamic quantities near the critical 
point are given in SP 1, §153. The notation for the critical indices is the same as there. 

t All these arguments presuppose, of course, that the inequality (121.1) is compatible with the assumption that 
the substance is already in the “fluctuation region” of the neighbourhood of the critical point. 

§ It is, however. meaningful to consider scattering itself only down to angles of the order of the diffraction 
angle ~ 4/L, where L is the linear size of the body. Ma 

| See SP 1, (148.7). Because of the formal equivalence between critical-point problems and problems of 
second-order phase transitions (with a one-dimensional order parameter), this formula applies near a critical 
point also. 
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The Fourier component of the correlation function is then 
(5p7),«q *** (121.6) 


with a coefficient that is independent of the temperature. Thus we arrive at the following 
angle and frequency dependence of the extinction coefficient in the range under 
consideration: 
1+cos? 9 
dh x w*~$—_-_—____,, da’. 

Ww (1 — cos p e (121.7) 
For a fixed scattering angle in the range qr, > 1, the intensity ceases to increase as the 
critical point is approached. At the critical point itself, (121.7) is valid for all angles. 


§122. Scattering in liquid crystals 


In liquid crystals there is strong scattering of light, similar in several respects to critical 
opalescence. Here we shall discuss the phenomenon only in nematic-type liquid crystals 
(P. G. de Gennes, 1968). 

Such crystals have already been mentioned at the end of §17, where an expression was 
given for their permittivity tensor: 


Ei, = 9(@)6;, + €,(M)d;d,5 (122.1) 


£ and g, are functions of the frequency. 

The permittivity fluctuations are due firstly to fluctuations in the direction of the 
director d, and are therefore anisotropy fluctuations. A simultaneous equal rotation of this 
direction at all points leaves the energy of the body unchanged; the long-wavelength 
fluctuations thus involve only small energy losses, and are therefore large. Large 
fluctuations of the permittivity lead in turn to strong scattering of light. 

The fluctuating quantity d may be expressed as 


d = d +v, (122.2) 


where dọ is its constant mean value and v a small change in the fluctuation; since 
d? = d,” = I, and v is small, we have 


v-d, = 0. (122.3) 
The change in the permittivity in the fluctuation is given in terms of v by 
OE in, = Eq(doi Ys + dori). (122.4) 


The influence of the density and temperature fluctuations on d¢;, is negligible. 
Using (122.4), we express the single-time correlation function of the permittivity 
fluctuations in terms of that of the director fluctuations: 


(ÔE OE; )g = £a {doidox (V; Ve), + doidom (Vy A 
+ dordor(YiYm)4 + doi don (Y; Vig }- (122.5) 


The function (v; Vida has been derived in SP 1, §141. From (122.3), this tensor has non-zero 
components only in the plane perpendicular to dy. Denoting the tensor suffixes in this 
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plane by « and f, we have 


(Yap )q = Sop — 9096/91") + b4096/417> 133-8) 
a=T/(a,q\7+43qy), b=T/(a,qy?+034q)°), 


where a, a2, a3 are positive moduli giving the dependence of the free energy of a nematic 
crystal on the derivatives of the director, g,and q, the components of q along d, and in the 
plane perpendicular to it. 

If we assume that the anisotropy of the permittivity is relatively small, i.e. Je,| < &), we 
can use for the differential extinction coefficient (with respect to directions) formula 
(119.9), derived for isotropic media (but without putting q = 0, of course). We shall not 
give here the resulting lengthy expression for the angular distribution and the polarization 
dependences. 

A characteristic feature of this scattering is that its intensity increases at low scattering 


angles according to 
dh oc do’/q?. (122.7) 


This large increase, like that given by (121.7) at the critical point, is due to the slow (power- 
law) decrease of the fluctuation correlation function with increasing distance. The angle 
integral diverges logarithmically at the lower limit. It has to be cut off at values of q ~ 1/L, 
corresponding to diffraction by the body as a whole (cf. the fourth footnote to §121), and 
the total scattering intensity thus varies logarithmically with the size L of the body. 

It may be noted, finally, that an external magnetic field restricts the increase of the 
correlation function (v;¥;), for small q (see SP 1, §141), and thus suppresses scattering, 
making the liquid crystal transparent. 


§123. Scattering in amorphous solids 


Rayleigh scattering in amorphous solids} differs considerably from that in fluids. In an 
isotropic solid there are two velocities of propagation of sound, u (longitudinal) and u, 
(transverse). The fine structure of the Rayleigh line therefore includes not one but two 
Mandel’shtam—Brillouin doublets. They are due to scattering by transverse and longi- 
tudinal “sound waves”, and their distances from the centre of the line are respectively 
Q, = +ugandQ, = + uq. Since u > u,, it follows that |Q,| > [Q]. The central component 
of the line is again due to scattering by fluctuations which are not propagated relative to 
the medium. In this case the main fluctuations of the latter type are those of structure. In an 
amorphous body, where the atoms are not arranged in an ordered manner, these 
fluctuations are comparatively large and vary only slowly with time (on account of the 
extreme slowness of the diffusion processes in a solid). Scattering by these fluctuations 
leads to a strong line whose width is almost zero. As regards polarization and angular 
distribution, this line results from a superposition of scalar and symmetric scattering. 

Next, let us consider the doublet components of the Rayleigh line in amorphous solids. 
In a solid, the influence of any deformation (in this case, fluctuations) extends to 
considerable distances. Hence even the single-time fluctuations at different points in the 
body are correlated over distances large compared with | /g. We thus have again a situation 


+ The considerably more complex theory of scattering in solid crystals will not be discussed in this book. 
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where, even in calculating the total intensity (and the polarization) of the scattered light, 
we cannot put g = 0 in the fluctuation correlation function. 
The field in the scattered wave is 


wexp(ikRo) 5, 
E= -Ro Eat (XG), (123.1) 
where 
G; = | 6&,exp(—iq-r)dV.e,, (123.2) 


and n is a unit vector in the direction of scattering. The change in the permittivity resulting 
from the deformation of an isotropic body is 
OE: = ayy, + A2UyO ixs (123.3) 


where u,, is the strain tensor (see (102.1)). Since the integral (123.2) isolates from 6¢;, the 
Fourier space component with wave vector q, u; in (123.3) must be taken as the 
deformation in a sound wave with this wave vector. We therefore write the displacement 
vector as 

u = re{u,exp(iq:r)} = >[ugexp(iq * r) + up*exp( — iq-r)], (123.4) 


whence the strain tensor is 
_ lf eu; ee 
w ANa 


= refżi(uoiqk + Yorgi) expliqg ' r)}, 


= 








and the volume integral is 
f u;,exp(—ig-r)dV = ai V(Uoids + Uordi)- (123.5) 


Let us first consider scattering by transverse sound waves. Since in a transverse wave u 1S 
perpendicular to q, and uy = 0, Ô£ik = a,u;,. Using (123.5), we therefore have 


G = hiVa,{uo(q-e) + gluo *6)}. (123.6) 


A transverse sound wave can have two independent directions of polarization; the vector u 
may be in the plane of k and k’, or perpendicular to that plane. Since E is perpendicular to 
k, it is easy to see that in the first case the component of G in the plane perpendicular to k’ is 
zero. Thus transverse sound waves polarized in the plane of k and k’ do not scatter light. 

If the vector u is perpendicular to the plane of k and k’, a simple calculation, using 
(123.1) and (123.6), gives for the field in the scattered wave 


| @°Eoexp (ikRo) l 
E is on ta iVquo cos l.e], 
(123.7) 
~ œ’ Epexp(ikRo) l 
Page 7 ła iVquo cosz9 . ey. 


Here Sis, as usual, the angle between k and k’, and the suffixes || and L denote components 
in the plane of scattering and perpendicular to that plane. The coefficient of proportionality 
in these two formulae involves the same fluctuation uo. This means that no depolarization 


occurs on scattering: linearly polarized light remains so (though it is polarized in a 
different plane). 
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Since the coefficients in formulae (123.7) are exactly the same, the extinction coefficient 
dh does not depend on the state of polarization of the incident light, and is 


2 2 
dh = (7 Vuo]? cos?4.9do. (123.8) 


It remains to determine the mean square amplitude of the fluctuation up. 

From the point of view of the general theory of thermodynamic fluctuations, the sound 
wave (123.4) may be regarded as a combination of two classical oscillators (waves 
propagated to the right and to the left), each having a mean kinetic energy 47. Since the 
frequency of the oscillations is here Q = qu, the mean kinetic energy is 4V<pù° > 
= 1V p(u,g)’ (|u|? >. Equating this to 2.47, we have 


<luol?> = 47/Vpu2q?. (123.9) 
Finally, substituting (123.9) in (123.8), we obtain 
2,..4 
a“ oT 
dh = Mesa (123.10) 


The angular dependence of the scattering is totally different from that which occurs in 
fluids. 

Let us now consider scattering by longitudinal sound waves. In these waves u is parallel 
to q, and from (123.3) and (123.4) we find 





A simple calculation gives for the field in the scattered wave 


œ explikRo) ,. 
i= hen ziVuoqa: Eoe,, 
(123.11) 

7 w exp(ikRo) 


E, = mR 4iVuog (4a, + Ga, +a) cos 9 JE pe y. 


In this case also there is no depolarization on scattering. The angular distribution and the 
extinction coefficient, however, depend on the state and direction of the polarization of the 
incident light. We shall not pause to write out the relevant formulae, which are somewhat 
cumbersome. The calculations are wholly similar to those given above, and the expression 
for <|uo|? > differs only in that u, is replaced by u in (123.9). 


CHAPTER XVI 


DIFFRACTION OF X-RAYS IN CRYSTALS 


§124. The general theory of X-ray diffraction 


THE phenomenon of X-ray diffraction in crystals occupies a special place in the 
electrodynamics of matter, since the wavelengths concerned are comparable with the 
interatomic distances. For this reason the usual macroscopic approach to matter as a 
continuous medium is entirely invalid, and we must begin by considering scattering by 
individual charged particles, and essentially by electrons; the scattering by nuclei is 
unimportant, because of their greater mass. 

The frequencies of the motion of electrons in the atom are of order wo ~ v/a, where v is 
their velocity and a the dimension of the atom. If 4 ~ a, then, since v < c, these frequencies 
are small compared with the X-ray frequency œ ~ c/A. This makes it possible to write the 
equation of motion of an electron in the field of the electromagnetic wave as 


mv = eE, (124.1) 


i.e. the electrons may be regarded as free (see §78). 

From (124.1) we find the additional velocity acquired by the electron under the action of 
the wave field: v’ = ieE/mo. 

Let n(r) be the number density of electrons in a crystal, averaged over the quantum- 
mechanical states of the electrons and over the statistical distribution of the thermal 
motion of the nuclei in the lattice. It should be emphasized that the usual macroscopic 
averaging over physically infinitesimal volume elements is not included, i.e. n(r) is the 
actual quantum density of the electrons in the crystal lattice. The corresponding current 
density due to the wave field is: 





j = env = ie*nE/mo. (124.2) 
We substitute this current in the microscopic Maxwell’s equations: 
curl E = iaH/c, (124.3) 
curl H = —imE/c+4zyj/c 
. -2hı -Hete (124.4) 
č may 


We thereby take account of its reciprocal effect on the field, i.e. scattering. It is, of course, 
assumed that this effect is small, i.e. that the inequality 


4ne7n/mw* <1 (124.5) 

holds. Putting D = £E, where 
a al 124.6 
n mo’ ( 6) 
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in accordance with the usual definition of the induction, we reduce equation (124.4) to the 
usual form curl H = —iwD/c. Thus, in this sense, the expression (124.6) for the 
permittivity (cf. (78.1)) can be used even for wavelengths å ~ a, though it must of course be 
remembered that the symbols E and D no longer retain their previous meanings: they now 
pertain to the field which has not been averaged over physically infinitesimal volumes, and 
€ is accordingly a function of the coordinates. 

In the scattering of X-rays by heavy atoms it may happen that the condition œ > qo is 
fulfilled for the outer electron shells but not for the inner ones, where w S w, and so the 
inequality 2 > a holds. In this case the permittivity can still be regarded as the coefficient of 
proportionality between D and E, but the formula corresponding to (124.6) gives only the 
contribution of the outer electrons. That of the inner electrons must in principle be 
calculated by averaging over the volume of their shells. Thus, if we put D = cE with £ a 
function of the coordinates, all possible cases are allowed for. In what follows we shall, for 
definiteness, use the expression (124.6). 

In effecting the averaging of the electron density in (124.2) to obtain n(r) independent of 
time, we exclude a possible change of frequency on scattering. That is, we consider only 
strictly coherent scattering, with no change in frequency. 

Eliminating H from the two equations (124.3) and (124.4), we obtain curl curlE 
= œ°D/c?. Here we substitute E=D+4ze*nE/mw* and expand the expression 
curl curl E, using the fact that div D = 0, as follows from (124.4). Then 


AD +o’ D/c? = curl curl (4ze?nE/mo’). (124.7) 


On the right-hand side of this equation, which already contains the small quantity 
4ne*n/mm*, E must be taken as the given field of the incident wave. Let us find the 
solution of equation (124.7) in the region outside the scattering crystal and at large 
distances from it. Since this equation is of the same form as equation (117.3), the required 
solution is obtained immediately by analogy with (117.4):T 


E= e* exp (ikRo) 
mo? Ro 


k’ x(k’ x Ey) {n exp (—iq-r)dV. (124.8) 


Here R, is the distance from the origin, which is within the crystal, to the point considered; 
q = k’'—k;k =k’ = w/c Eo is the amplitude of the incident wave. We put E instead of D 
on the left-hand side because the two are equal in the vacuum outside the crystal. 

To characterize the intensity of X-ray diffraction we use an effective cross-section Ø, 
defined as the ratio of the intensity diffracted into a solid angle do’ to the energy flux 
density in the incident wave. By (124.8) we have 

e? 2 i 
do = (E) sin*6|(nexp(—iq-r)dV|7do’, (124.9) 
where 0 is the angle between E, and k’. If the incident radiation is “natural” (not polarized), 
the factor sin?@ in this formula becomes 3(1 + cos? 9), where $ is the angle between k and 





ł In solving equation (117.3) it was not possible to consider the field outside the body, since the boundary 
conditions on the surface would have had to be taken into account (the quantity £' on the left-hand side being 
different inside and outside the body). The left-hand side of equation (124.7), however, is the same ın all space. 
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k’ (see the last footnote to §117): 


1 e? 2 
do = A) (1 +cos? 9)| [nexp(—ig-r)dV|7do’. (124.10) 
In what follows we shall, for definiteness, consider this particular case. 
We see that the intensity of radiation diffracted in a given direction is essentially 
proportional to the squared modulus of the integral 


[n exp(—iq-r)dV, (124.11) 


i.e. the Fourier space component of the electron density. As q > 0 this integral becomes 
simply the electron density 7 averaged over a lattice cell. If n is replaced by 7 in equations 
(124.3) and (124.4), we obtain the usual macroscopic Maxwell’s equations, with 
permittivity e(@) = 1—4ze?n/mw*. According to these equations, when X-rays pass 
through a crystal they are refracted according to the ordinary laws of refraction, with 
refractive index T €. Thus diffraction through small angles amounts to ordinary 
refraction, which is of no interest here. In what follows we shall always assume that q is 
appreciably different from zero. 
The electron density, like any function of position in a crystal lattice, can be expanded as 
a Fourier series: 
n=) n, exp (ib-n), (124.12) 
b 


where the summation is taken over all periods b of the reciprocal lattice (see SP 1, §133). 
When (124.12) is substituted in (124.11) and the result is integrated over the volume of the 
crystal, we obtain practically zero except for values of q close to some b. Between these 
values the intensity is negligible. We can therefore consider each diffraction maximum 
separately, putting 

n = n exp (ib-r) 


with the appropriate value of b. Substitution in (124.10) gives 


1 Zee 
de= (5) (1+ cos? 9)|n,|* | fexp[{ — i(k’ —k -— b) -r]d V|7do’. (124.13) 
mc 


The strongest maxima occur in directions for which the equation 
k—k= b (124.14) 


(Laue’s equation) is exactly satisfied, and are called principal maxima. For given b, however, 
a principal maximum does not occur for an arbitrary direction and frequency of the 
incident radiation. If the equation (124.14) is written as k’ = k + band squared, and we use 
the fact that k? = k’*, we have 

2b-k = —b?. (124.15) 


This equation determines the values of the wave vector k for which principal maxima occur 
with the given value: of b. Geometrically, equation (124.15) represents a plane in 
k-space perpendicular to the vector b at a distance 4b from the origin. In particular, we see 
that k > 5b. 

Since |k’ —k| = 2k sin 38, it follows from (124.14) that 


2k sin4 9 = b (124.16) 
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(Bragg and Vuľf’s equation), which determines the angle of diffraction at the principal 
maximum. 
Any vector b of the reciprocal lattice determines a family of crystal planes represented by 
the equations 
r-b = 27 x an integer. 


These planes are perpendicular to b, and the vectors k and k’ corresponding to the 
condition (124.14) make equal angles of incidence and reflection with the planes (Fig. 64). 
For this reason, diffraction at a principal maximum is sometimes spoken of as reflection 
from the corresponding crystal planes. 





Fic. 64 


The total intensity of the diffraction spot near a maximum is obtained by integrating 
(124.13) over a solid angle about the direction of k’. Let us determine the total intensity 
near a principal maximum. We denote by k’ the value of k’ corresponding to Laue’s 
equation for a given k: k'o = k + b, and put also x = k’—k’,. Near the maximum, x is 
small; since k’ and k’, differ only in direction, x is perpendicular to k’. The solid angle 
element can therefore be written 


do’ = dk,dk,/k'? = dK,dk,/k?, (124.17) 


where the z-axis is taken in the direction of k'ẹ. Thus 


mc? 


1 e? 2 g 
= gaa ) (1 +008? pff drpd Ifexp( = ixa. 


In the volume integral we can effect the integration with respect to z, since exp(— ix -r) 
is independent of z:fexp(—ix'r)dV = [Zexp(—ix-r)df, where df=dxdy and 
Z = Z(x, y) is the length of the body in the direction of k’,. Finally, using a well-known 
formula in the theory of Fourier integrals: 


1 
One ld, |?d,dx, = (*dxdy, (124.18) 


where 
Px = | (x, yexp(—ix-r)dxdy 
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are the two-dimensional Fourier components, we obtain 
_ 21 
=r 
8x? 


2 2 
= Re (5) sin”4 (1 + cos” SJal? f Z* df. (124.19) 


2 
al 2 z) (1 + cos? 9)|n,|7{ Z7df 


The integral is of the order of L*, where L is the linear dimension of the body. Thus the 
total diffraction cross-section, and therefore the total intensity of the spot, are propor- 
tional to V*/3, where V is the volume of the body. The maximum intensity, however, 
follows a different law. For k'— k = b, the integral in (124.13) is just V, and so do is 


proportional to V*: 
d ier 
max 


The sharpness of the maximum is shown by the fact that the maximum intensity 1s 
proportional to a higher power of V than the total intensity. The width of the peak is 
evidently proportional to V*4/V? = V7”. 

The theory given above is valid only if the diffraction effect is small. We now see that this 
requirement imposes a certain condition on the size of the crystal: ¢ must be small 
compared with the geometrical cross-section of the body ( ~ L*), whence 


e? 
~ag < 1. (124.21) 


If this condition is not satisfied, then perturbation theory as used in the derivation of 
(124.8) is not valid. 


PROBLEMS 


PROBLEM 1. Determine the intensity distribution in the diffraction spot round a principal maximum in 
diffraction by a crystal in the form of a cuboid with sides L,, L,, Lz- 


SOLUTION. As above, we use the vector x = k’ — k’,, and take the axes of coordinates parallel to the sides of 
the cuboid, with the origin at its centre. 
The integral fexp(—ix-+r)dV becomes a product of three integrals of the form 
IL 2 
f exp(—ixx)dx = —sin5xL. 
K 


AL 


Thus 
e? 2 ] 
do = nf © 5) (1 +cos leer aes sin? 4x,L, sin? 3x,L, sin? 4x, L, do’. 
Vere 
The components of the vector x are not independent, being related by the condition x -k'o = 0. 


PROBLEM 2. The same as Problem 1. but for diffraction by a spherical crysial with radius a. 


t Thed ynamical theory of scattering, which is not subject to the restriction (124.21), is given by Z. G. Pinsker, 
Dynamical Scattering of X-Rays in Crystals, Springer, Berlin, 1978. The theory given above is called the kinematic 
theory. 
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SOLUTION. We again put x = k’—k’o, and take the z-axis in the direction of x, with the origin at the centre 
of the sphere. Then 


fori —ixz)dV = | n(a — z*)exp(—ixz)dz 


ån . 
= — (Sin ka — ka COS ka). 
K 


Thus 


2 


py 1 
do = an <5 (1 +cos? 9)[n,|?—Z(sin ka — Ka cos xa) do. 
mc K 


PROBLEM 3. Determine the total intensity of the diffraction spot round a subsidiary maximum. 


SOLUTION. In this case the wave vector k of the incident wave does not satisfy the condition (124.15). As 
shown above, (124.15) is the equation of a plane perpendicular to the vector b. Let the small displacement of the 
end-point of the vector k from this plane be yb, where y < 1. That is, we put k = ky +b, where k, satisfies 
equation (124.15) (Fig. 65). 





Fic. 65 


The maximum intensity in the spot occurs for a direction of k’ for which the difference k’ — (k + b) has its least 
magnitude (so that the integral in (124.13) has its maximum value). The magnitude of the difference of two vectors, 
one of which is arbitrary in direction, has its least value when they are parallel. Hence, since k’ = k, we have 


Ik’ — k — blmin = K—|k + b| 
_k?—(k+by 
~ k+lk+bļ| ` 


Since k is close to kọ and we are considering the region near the maximum, k’ = k + band the denominator can be 
replaced by 2k. In the numerator, we expand the squared parenthesis and obtain 


—2k-b— b? = [—2ky-b—b?]—2nb? = — 2nb?. 


Thus |k’ — k — bl min = —yb7/k. 
Next, we put 


þ2 
K=k+b(1 -t )a x, 
and take the z-axis in the direction of k + b. This reduces the problem to the calculation of the integral (cf. the 
derivation of formula (124.19)) 
f Jdx,.dx,|{ exp{inb?z/k—ix-r} dV |?” 


sin($7b?Z/k) 
=| fax, dk, iabe 


2 


df]. 








[exw —ix-r) 
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Finally, using formula (124.18), we obtain 
hen sin?($4b*Z/k) 
Se (1 2 9) npl? df 
oe F PSS j Ger | 


Asn — 0 this formula becomes (124.19). If {nb?Z/k > 1 (which is compatible with y < 1), the squared sine can be 
replaced by its mean value 3, and we have 


2\2 2 
e 1 + cos 9 

o = 4n? — } ——_——|n sS, 
(<3) n*b* Ine 





where S is the area of the “shadow”, i.e. the projection of the body on the xy-plane. 


§125. The integral intensity 


The formulae derived in §124 give the diffracted intensity when a strictly plane 
monochromatic wave is incident on a crystal. Let us now consider some cases where these 
conditions are not fulfilled. 

First, let the incident wave be plane but not monochromatic,? its spectral resolution 
including waves with wave vectors k whose directions are the same but whose magnitudes 
k = w/care not. Let p(k) be the frequency distribution of the incident radiation intensity, 
normalized by the condition {p(k)dk = 1. 

The total intensity of the diffraction spot is determined by the cross-section, which is 
obtained by multiplying the expression (124.13) by p(k) and integrating with respect to o’ 
and k: 

1 


Be \2 
c= (5) In? f fi fexp [—i(k’ —k—b)-r]dV|? (1 + cos? 9)p(k) do’ dk. (125.1) 


We put temporarily K = k’ — k — band write the squared modulus as a double integral: 
|fexp(—iK-r)dV|? = f fexp [iK - (r, —r,)]d V, dV. 


Using instead of r, and r, the variables 3(r, +r,) and r = r, —r, and integrating with 
respect to the first gives | fexp (iK -r)dV|? = V fexp (iK *r)dV. In the remaining integral 
we can effect the integration over all space,ł and the result is 


[fexp(iK -r)dV|? = (27)° V6(K). (125.2) 
Substituting this result in (125.1), we obtain 
2\2 
o= (E) Inl? V(1 + cos? Go) f f d(k’ — k — b)p(k)do' dk; (125.3) 


on account of the presence of the delta function, the factor 1 + cos? 9 in the integrand can 
be replaced by its value at 9 = 95, where 9, is the angle between the k and k’ which satisfy 
Laue’s conditions (denoted by kọ and k'o = kọ + b). 


The integration with respect to o’ can be carried out by noticing that it is equivalent to an 
integration with respect to 


dK = k?dk'do' = tk d(k’2)do’, 
if an additional factor (2/k)6(k’* — k?) is included in the integrand. Thus the integral in 





+ Corresponding to Laue’s method in the X-ray analysis of crystals. 
t This is possible because we require only the total intensity of the diffraction spot, and not its width. 
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(125.3) becomes 
2 
{i 6(k’ — k — b)6(k’? — k?)p(k) d3k’ dk. 


Effecting the integration with respect to d*k’ by means of the first delta function, we can 
replace k’? by (k +b)? in the second delta function, and the result is 


2\2 
s any() Inl? V1 + cos? 90) f 6(2b-k + b?°)p(k)dk. (125.4) 


Finally, we have to carry out the integration over k (the direction n = k/k being given). 
The argument of the delta function is zero for k = kp, and the integral is 3P(ko)/ko|b > nl 
= 3P(ko)/|b “kol = p(ko)/b*. Thus 


2\2 
o = ny <5] Inl (1 + cos? §,)p(k,)/b?. (125.5) 


Let us now consider another case, where the incident wave is monochromatic but its 
components have varying directions of k which differ by rotation about some axis;} let 1 be 
a unit vector along that axis, and Ņ the angle of rotation about it. Let p(y) be the angular 
distribution of the incident radiation intensity, normalized by the condition 


2n 


| ply)dy = 1. 


The calculations leading to formula (125.4) are valid in this case also, except that the 
integration with p(k)dk must be replaced by one with p(w) dy: 


2\2 
c= enr( <a) Inl (1 + cos? 9o (70b -k+b7)p(W)dy. (125.6) 


We again denote by ky the value of k for which the argument of the delta function is zero. 
and measure y from the plane of 1 and ky. For small y, k = k, +(1*k,)W. Then the 
integral in (125.6) becomes 


1 
fz [2b - (1 X ky Jo) dy = 3p(0)/klb - (1 x ko) ] 


= 30(0)/k?|b - (1 Xno)| 
= 2p(0)sin? ($ 95)/b?|b - (1 x no)|. 
Thus 
p(0) 
Ib: (1 xno)| 





(125.7) 


2 (27)? ( e? 
pa 


2 
p2 3) sin? 4} 9,(1 + cos? 9,)|n,|?V 


Finally, let us consider the diffraction of a plane monochromatic wave from a body 
consisting of crystallites arranged at random.t 





t Corresponding to Bragg’s method (the rotation method) in X-ray analysis. The rotation referred to is that of 
the crystal about 1, not that of the direction of k. 
ł Corresponding to Debye and Scherrer’s method (the powder method) in X-ray analysis. 
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Let k'o and b, be values of k’ and b such that Laue’s condition k’, = k + bg is satisfied. 
The directions of k’, and by are not uniquely determined, since Laue’s condition is, of 
course, still fulfilled when the triangle k, bo, k'o is rotated about the direction of k. Thus the 
principal maximum corresponds to directions of k’ occupying a conical surface with 
vertical angle 2 9). Instead of a diffraction spot we now have a ring. 

The required total cross-section is determined by a formula which differs from (125.4) 
only in that the integration with p(k) dk is replaced by an averaging over the directions of b: 


do, 


e? 2 1 
o = (27% (=) Im |2(1 + cos? s |; 5(2b-k +b?) (125.8) 


where do, is an element of solid angle about the direction of b. Denoting by « the angle 
between k and b, we can write the integral in (125.8) as 





1 27d cos a 1 
— &(2bk zane a — — sin? 4 
li (2bk cos a + b*) Fi Abe p? Yo 
Thus 
e- \7 V 
G = em() ing] zC + cos? Yo) sin? Io- (125.9) 


Each of the three cases considered in this section corresponds to a particular method of 
averaging the diffraction pattern. The dependence of the total averaged diffraction 
intensity on the volume of the body reduces, as we should expect, to a simple 
proportionality. In the pattern which is not averaged, the intensity and its distribution over 
the spot depend more markedly on the volume. 


§126. Diffuse thermal scattering of X-rays 


[In §§124 and 125 we have taken n(x, y. z) to be the time-averaged electron density in the 
crystal: various density oscillations were thereby excluded, and consequently so was the 
corresponding (non-coherent) scattering of X-rays. One cause of non-coherent scattering 
is the thermal fluctuations of density. This scattering is diffusely distributed in all 
directions, but it is characterized by a relatively high intensity near directions correspond- 
ing to the sharp lines of the structural scattering described in the preceding sections. Here 
we Shall discuss these maxima of the thermal scattering (W. H. Zachariasen, 1940). 

The thermal oscillations of the crystal lattice can be represented as combinations of 
sound waves. As we shall see, the maxima of the thermal scattering arise from wavelengths 
large compared with the lattice constant. The change in the electron density due to such a 
wave can be regarded, at any point, as due to a simple displacement of the lattice by an 
amount equal to the local value of the displacement vector u in the wave. Thus the change 


in the density (not averaged with respect to time) when a given sound wave passes can be 
expressed in terms of the mean density by 


ôn = n(r—u)—n(r) = — u- ôn/ôr. 


In considering diffuse scattering near a given line, we must replace n by n, exp(ib - r) with 
the appropriate b, so that 


ön = — ib - un, exp(ib- r). (126.1) 
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The scattering by density fluctuations is, of course, not coherent with that by the mean 
density, and the two therefore do not interfere. Hence the cross-section for diffuse 
scattering can be obtained from (124.10), substituting ôn for n and then carrying out the 
statistical averaging over fluctuations: 


2g 
do= (5) |mp|7(1 + cos? 9) <] f b -u exp(— iK -r)dV|? do’, (126.2) 
where K = k’ — k — b. The scattered intensity is large for directions where K < b. 

The integral f uexp(— iK -r) dV gives the Fourier space component of u whose wave 
vector is K, and we can therefore take u to be simply the displacement vector in a sound 
wave having this wave vector. The inequality K <b thus implies that the wavelength 
of the scattering sound wave is large compared with the dimension of the crystal lattice cell. 

Thus we can put 


u = $ [u exp(iK -r) + Up* exp( — iK -r)], (126.3) 
so that {(b-u) exp(—iK -r) dV = 4Vb-uy and the cross-section is 
1 e? 2 
do = (a) Inl (1 + cos? 9)b,b, (tg ;tio, V do’. (126.4) 


The products of the components of u, are averaged as in §123 for a sound wave in an 
isotropic medium. The elastic energy per unit volume of a deformed crystal is 42 ;pmUigUtm 
where u; is the strain tensor and /,,,,, the elastic modulus tensor (see TE, §10). Hence the 
mean elastic energy of the whole crystal is 4V2 pml UigUim >. We substitute 


: _ lf eu, neue 
Kk 2Nex, ôx; 


= zref (iK puo; + iK jUp,) exp(iK - r)}. 





The terms containing exp( + 2iK - r) give zero on averaging. Using also the symmetry of the 
tensor Airm With respect to interchange of i, k, or l, m, or i, k and l, m, we obtain 
AVA itm kK m<Uoitor® > or 4V gik <Uoito,* >, where 
Jik = Aiton K m (126.5) 
According to the general theory of thermodynamic fluctuations, we can at once write 
down the required mean values:t 


CU Uo,” > = (47/V)g~ ma (126.6) 


where g` +; is the tensor inverse to g,,, and the scattering cross-section is 
1 e? 2 
A (5) TV|n,|*(1 + cos? 9)bibyg 4, do’. (126.7) 


Thus the diffusely scattered intensity is, as we should expect, proportional to the volume 
of the crystal. A characteristic feature of this scattering is the way in which its intensity is 
distributed over the area of the spot. Apart from the factor 1 + cos? 9, which is almost 





t See SP 1, §111. If the probability distribution for fluctuating quantities x,,x,,... is of the form 
exp( —5Ai,%,x,), then (x;x,> = 47'a A factor 2 in (126.6) appears because each of the complex tug, involves two 
independent quantities. 
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constant for a given spot, the intensity is given by the expression g` 1 bib,- This expression 
is the product of 1/K? and a fairly involved function of the direction of the vector K with 
respect to the crystal axes. For scattering near a principal maximum the diffusely scattered 
intensity is itself a maximum where K = 0 (the expression (126.7) becomes infinite for 
K = 0 and is, of course, invalid). If the condition (124.15) 2b-k = —b? is not satisfied, 
however, K cannot be zero, and the maximum of the diffusely scattered intensity lies at 
some K different from zero, which in general does not coincide with the maximum of the 
structural scattering. In either case the diffuse scattering forms a background whose 
intensity falls off essentially as 1/K?, that is, considerably more slowly than the intensity in 
the sharp structural-scattering line superposed upon it. 


§127. The temperature dependence of the diffraction cross-section 


Let us now calculate the temperature dependence of the cross-section for coherent 
scattering of X-rays. This amounts to determining the temperature dependence of the 
microscopic electron density in the crystal averaged with allowance for the thermal motion 
of the atoms. 

We shall assume the atoms to be so heavy that the majority of their electrons are 
localized in non-overlapping shells which are only slightly deformed by the lattice 
vibrations. We shall also assume that the lattice consists of atoms of only one kind, with 
one atom in each unit cell; it must be emphasized that this assumption has no fundamental 
significance, and is made only to simplify the writing of the formulae. 

The exact (not averaged) microscopic electron density may then be expressed as 


n(r) = È F(r—r,) = } F(r— rwo — Un), (127.1) 


where F(r)is the electron density in a single atom (the atomic form factor); the summation is 
taken over all the atoms in the lattice, and r, are the position vectors of the nuclei, labelled 
by the vector suffix n (with integral components). Denoting the equilibrium position 
vectors of the nuclei (at the lattice sites) by r,» and the displacement vectors of the atoms 
from these positions by u,, we have r, = r, + U,, as used in the second equation (127.1). 

Expanding the density (127.1) as a Fourier series (124.12) in the volume V of the lattice, 
we can write the expansion coefficients as 


1 
ny = re exp[—i(r,)+u,)‘bIF;, 
where 3 
F, = f F(r)exp(— ib-r)dV (127.2) 
are the Fourier components of the atomic form factor. All the products r,, -b are integral 
multiples of 2x. Hence all the factors exp(—ir,,.-b) = 1, and so 


n, = (F/V) È exp( — iu, -b). (127.3) 


This expression can now be averaged over the motion of the atoms. It is evident that the 
mean values of the terms in the sum do not depend on n. Hence 


«n> = (F,/v) <exp(— ib - u)», (127.4) 
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where u is the displacement vector of any atom, and v = V/N is the unit cell volume 
(N being the number of cells in the volume V). The averaging in (127.4) is to be taken as a 
complete statistical averaging, i.e. over the wave functions of the stationary states and then 
over the Gibbs distribution. 

To carry out this averaging, we have to regard u as a quantum-mechanical operator 


h 1/2 
û = Sl aaa) {é, .€,,exp(ik -r,)+¢,, erat exp( — ik -r,)}; (127.5) 
see SP 1, §72. The summation is taken over all values of the phonon wave vector k (in the 
volume V) and over the independent phonon polarizations labelled by « = 1, 2, 3; w,(k) 
are the phonon frequencies, e,, the phonon polarization vectors, and M the atomic mass; 
Ĉka and ¢,,,* are the annihilation and creation operators for phonons in the states k, a. 

For operators having the form (127.5), Wick’s theorem holds: the average product of 
any even number of operators is equal to the sum of all possible products of pair means 
(the average product of an odd number of operators is zero).f An essential result here is 


<exp Ê> = exp(4 < Ê? Y), (127.6) 


which is valid for any operator L satisfying Wick’s theorem; its correctness is easily seen by 
expanding exp L in series and averaging each term in the expansion.t 
Applying (127.6) to (127.4), we obtain 


<n,> = (F,/v) exp{ —7¢(b-u)? >}. 
The diffraction cross-section is proportional to the square of this quantity, and its 
temperature dependence is therefore given by the separate factor 
D = exp{ — ¢(b-u)?}, (127.7) 


called the Debye-Waller factor (P. Debye, 1912; I. Waller, 1925). 
It remains to calculate the mean square <(b-u) >. Of all the products of pairs of 
operators ¢,,, ¢,,*, the only non-zero mean values are 


A +A A A + 
(Cha Cha = Nya Cka Cka = N, +1, 


where N,, are the mean phonon state occupation numbers in equilibrium. Hence 


h A A A A 
C(b- u)? >= 2 IMNo dk ‘ b|? <ê Cka t+ Cig Cha» 
k, « a 


h 
= = SSS b z 2 N I e 
The numbers N,, are given by the Bose distribution 


Nya = [exp{he,(k)/T} —1]~°. (127.8) 


t The theorem is proved in SP 2, §13, for the “macroscopic limit” (N —> oo), corresponding to the application 
in statistical physics. 

t The product of an even number 2n of factors Ê can be resolved into pairs in (2n — 1)(2n — 3)... 1 ways 
(having chosen one of the 2n factors, we can “pair” it with any of the other 2n — 1 factors; then choosing one of the 
remaining 2n — 2 Operators, we can pair it in 2n —3 ways and so on). Hence 


LÊ?" = [(2n—1)Qn—-3)... 1]}<£? >". 
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On substitution in (127.7), the term involving the zero-point vibrations gives a factor 
independent of temperature, which may be omitted (or rather, included in the definition of 
F,). Finally, changing from summation over k to integration over Vd°k/(2z)*, we have 


hv (|b-e,,J7 dĉk 
2 Bis N pales 
D epi Me olk) "Or? 


a 





(127.9) 


As T-»+0, N,, tends to zero, and accordingly D tends to unity; as the temperature 
increases, D becomes smaller. The effect of the temperature amounts to a general lowering 
of the scattered line intensity, with no change in the shape or width of the line. 

The mean thermal displacement of the atoms from the lattice sites is usually small, even 
at high temperatures, in comparison with the lattice constant. The exponent in D, for 
scattering lines with only slight changes in b, is then much less than unity, and the 
temperature effect is a small correction. The decrease in intensity becomes considerable, 
however, for scattering lines which correspond to large b. 

For temperatures much higher than the Debye temperature, <u? > oc T, and the exponent 
in D is also proportional to T. At low temperatures, the thermal phonons belong mainly to 
the acoustic branches of the spectrum, for which œ oc k; in this case, the integration over œw 
in (127.9) can be extended to infinity, and the exponent is then proportional to T”. 

At low temperatures, when only the long-wavelength phonons are important, the 
validity of formulae (127.7)}-(127.9) does not depend on the possibility of expressing the 
density n(r) as the sum over atoms (127.1). In long-wavelength vibrations, large regions of 
the lattice move as a whole with their respective electron density values, and only on this 
does the derivation of the formulae in question depend. 


APPENDIX 


CURVILINEAR COORDINATES 


We give below, for reference, certain formulae relating to vector operations in curvilinear 
coordinates, both general and particular. 


In an arbitrary system of orthogonal curvilinear coordinates u}, u5, u4, the squared 


element of length is di? = h,?du,” +h,?du,? +h3?du,?, where the h; are functions of the 
coordinates. The element of volume is 


dV =h,h,h,du, du, duz. 


The various vector operations can be expressed in terms of the functions h; as follows. 
For vector operations on a scalar: 


1 of 
h; ðu; 
I 


ô {hh oe 
EEE rae) 
123 uy h, ĉu, 


where the summation is over cyclic interchanges of the suffixes 1, 2, 3. For vector 
operations on a vector: 





(grad f); = 





1 a 
dia = ee hA 
a hie aa fig) 


1 ĝ ‘al 
es (Eos ee (HAS. 
(curl A), hh (h3A3) Bus | 2 »| 


The remaining components of curl A are obtained by cyclic interchanges of the suffixes. 
Cylindrical coordinates r, Q, z. 
Element of length: dP = dr? + r° do? + dz?; 


h=1, h=r, h =1. 


Z 


Vector operations: 


Afs 


ror 
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Appendix 


TA _ 0A, ôA, 
(curl 6 = ar” 
le 1 ĉA 
eG Ay, 
(curl A), ee (r Ag) r Ob 
A 2 0A 
(A A), = AA,- 3 -5* 


(AA), = AA,—-2 


(A A), = A A. 


In the expressions for the components of A A, AA; signifies the result of the operator 
acting on A; regarded as a scalar. 


Spherical Poordinates r, 0, Q. 
Element of length: d? = dr? +r?°d0? +r’ sin? 8 do?; 


R= hg =r, h, = r sin 8. 
Vector operations: 
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INDEX 


Abraham force 260, 278 Conductivity 
Absorption coefficient 285 electrical 86 
Absorption of electromagnetic waves by small tensor 87, 90 
particles 322-3 Conductors lff. 
Absorption, two-photon 393 cylindrical 14, 15—16, 17, 112, 206-7 
Acceleration, excitation of currents by 222-4 disc-shaped 25, 26-7 
Adiabatic invariant 277 electrostatic field of  Iff. 
Airy function 305 electrostatics of (1) Iff. 
Alfven discontinuity 242 electrostriction of 31-2 
Alfvén velocity 237 ellipsoidal 19—29 
Alfvén waves 237, 239—40 forces on 29—33, 127-9 
Angular phase 159 motion in a magnetic field 217-22, 225-56 
Anisotropic media, electromagnetic waves in (XI) turbulent 253 
331ff- spherical 9—10, 14, 32, 57, 88—9, 205—6, 207, 221 
Antiferromagnetic Curie point 166n. Conformal mapping 12 
Antiferromagnetic vector 167 method of 11—12 
Antiferromagnets 131-2, 166—72 Conical refraction 
Atomic form factor 449 external 345 
Azimuthal distribution 234 internal 343 


Contact potential 93 
Cotton—Mouton effect 352 
Critical field 185-9 


Barnett effect 129 Critical indices 162, 171 

Biaxial crystals 54, 341-7 Critical opalescence 433-5 

Bicritical point 170 Critical state 77 

Binormal 343 Cross-over critical index 171 

Biot and Savart’s law 110 Crystals 

Biradial 343 biaxial 54, 341-7 

Birefringence see Double refraction dielectric properties of 54-9, 331—3 
Bragg and Vul’f’s equation 442 enantiomorphic 364 

Bragg’s method 446n. magnetic properties of 130—5 
Brewster angle 297 natural optical activity of 362-6 


piezoelectric 70 
pyroelectric 56 
uniaxial 55, 339-41 


Capacitance 4, 7-8, 17—19, 214-17 negative 339 
coefficients 4—5, 7 positive 339 
of conducting ellipsoid 22-3 X-ray diffraction in see under Diffraction 
of conducting sphere 57 Curie point 
mutual 7. 15—16 antiferromagnetic 166n. 
of rng $8 ferromagnetic 135 
Causality 280, 281 Curie—Weiss law 137 
Charge distribution Current 
on conducting disc 25 boundary conditions for 86-7 
on conducting ellipsoid 22. 26 conduction 108 
on conductors 1ff., 16 in a crystal 398 
Charge reservoir 30 density 8&6, 108 
Charges surface 107 
in a dielectric 62 eddy 201 
extraneous 35, 258 electric | 
Cherenkov radiation 406—8 excitation by acceleration 222—4 
Collinear antiferromagnet 132 linear 110; see also Linear current 


Conduction current density 108 molecular 108n. 
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Current (continued) 
in a moving conductor 217—22 
Steady (HI) 86ff. 
magnetic field of 107—13 
superconductivity 182—5 
surface 107 
Curvilinear coordinates 452-3 
Cylinder 
conducting 14, 15—16, 17, 112, 206—7 
dielectric 40, 53 


Debye relaxation time 432 
Debye and Scherrer’s method 446n. 
Debye-Waller factor 450 
Defocusing medium 379 
Demagnetizing factors 41n., 182 
Depolarizing factors 24, 321 
Depolarizing field 41 
Detailed balancing 419 
Dielectric axes, principal 334 
Dielectric constant see Permittivity 
Dielectric crystals 54—9, 331-3 
Dielectric cylinder 40, 53 
Dielectric disc 40, 52—3, 57 
Dielectric ellipsoid 39—42, 52 
Dielectric fluid, forces in 59—64 
Dielectric permeability see Permittivity 
Dielectric polarization 34 
Dielectrics 1, 34 
electrostatics of (IT) 34ff. 
electrostriction of isotropic 51-4 
moving 260-4 
boundary conditions 262 
polarized 34 
thermodynamics of 44-8 
total free energy of 48—51 
Dielectric solid, forces in 64—7 
Dielectric sphere 39—40, 42, 56, 57, 67, 263-4 
Dielectric susceptibility 36 
non-linear 374 
sign of 58—9 
Dielectric tensor 54; see also Permittivity tensor 
Diffraction 
by a plane screen 327—30 
by a wedge 323-7 
of X-rays in crystals (XVI) 439ff. 
general theory of 439-45 
temperature dependence of 449-51 
Diffusion phenomena 102-4 
Dipole moment 
of conducting cylinder 17 
of conducting disc 26—7 
of conducting sphere 14 
of conductor 6 
of dielectric 35, 50 
Director 70 
Disc 
conducting 25, 26—7 
dielectric 40, 52-3, 57 
superconducting 185 


Index 


Discontinuities in a magnetic fluid 240—53 
Discontinuity 
Alfvén 242 
contact 24] 
rotational 242 
tangential 241 
stability of 242-4 
Dispersion 257 
form of scattering line 432 
frequency 358 
relation 236, 266 
spatial (XII) 358ff. 
time 358 
Displacement current 258 
Dissipative function 216 
Dissipative processes in magnetohydrodynamics 
228—30 
Domain walls 147-153 
Domains 80-1, 143, 147-51; see also Ferromagnets 
of closure 154 
Doppler broadening 359 
Double circular refraction 351 
Double layer 93 
Double refraction 340 
in an electric field 347 
Dynamical theory of scattering 443n. 
Dzyaloshinskil field 175 


Easy-axis type 139 
Easy magnetization, direction of 139 
Easy-plane type 139 
Eddy currents 201 
Eikonal 290, 335 
Einstein—de Haas effect 129 
Elastic constant tensor 69 
Elastic—optical constants 355 
Electric current 1; see also Current 
Electric field, static 
of conductors lff. 
boundary conditions 2—3, 37, 86 
energy of 3—8 
in dielectrics 34—5 
boundary conditions 35 
thermodynamics of 44-8 
see also Electromagnetic field 
Electric induction 35 
Electric losses 274 
Electric moment 35 
Electric-type waves see E waves 
Electrocaloric effect 52, 53 
Electrocapillarity 96 
Electrodynamics, macroscopic | 
Electromagnetic field 
boundary conditions 294, 301, 310 
in moving media 260-4 
quasi-static (VII) 199ff. 
in dielectrics 257—60 
variable 264ff. 
Electromagnetic shock wave 389 
Electromagnetic wave equations (IX) 257ff. 


Index 


Electromagnetic waves 257ff. 
absorption of, by small particles 322-3 
n anisotropic media (XI) 331 ff. 

extraordinary 340 
ordinary 340 
plane 
in an absorbing medium 285-6 
in anisotropic media 333-8 
homogeneous 285 
inhomogeneous 284 
monochromatic 283—6 
in a transparent medium 284 
propagation of (X} 290ff. 
in an inhomogeneous medium 304-10 
in waveguides 313-19 
reflection and refraction of 293—300, 303-4 
in resonators 310-13 
scattering of (XV) 413ff. 
by small particles 319-22 
strong 388-91 

Electromotive force 94 

Electrostatic induction coefficients 4—5 

Electrostatics 
of conductors (1) Iff. 
of dielectrics (II) 34ff. 

Electrostriction 
of conductors 31-2 
of dielectrics 51-4 

Ellipsoid 
conducting 19—29 
dielectric 39—42, 52 
ferromagnetic 146-7 
magnetic 107 
superconducting 193 
tensor 55 

Ellipsoidal coordinates 19—29 

E.m.f. 94 

Energy 
of conductors 3, 111 
of a system of currents 118-21 
of dielectrics 45—51, 74-7 
of emergence of domains 154 
of fields in dispersive media 272—6 
flux (Poynting vector) 111, 203, 260, 272, 291, 

295, 300 
in a plane wave 285, 333 
in a resonator 311 
in a waveguide 315 
free self- 118 
interaction 118 
of magnetic substances 116—17, 138—40, 144 
magnetostatic 158 
non-uniformity 147 

Ettingshausen effect 102 

Euler equation 225 

E waves 305, 314 

Exciton branch 369n. 

Excitons 369n. 

Extinction coefficient 
differential 420 
total 420 

Extraneous charges 35, 258 


Extraordinary waves 340 


Faraday effect 351 
inverse 353 
Faraday’s law 219 
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Fast particles, passage of, through matter (XIV) 


394ff. 
Fermat’s principle 291 
Ferrimagnetic crystals 132 
Ferroelectric axis 77 
Ferroelectrics 77—85 
domains in 80-1 
improper 83-5 
Ferromagnetic resonance 
homogeneous 270 
inhomogeneous 270 
Ferromagnetism (Y) 130ff. 
weak 172—6 
Ferromagnets 131 
near the Curie point 135—8 
domain structure of 142—4, 147—59 
easy-axis type 139 
easy-plane type 139 
fluctuations in 162-6 
Fizeau effect 293n. 
Fluctuation region 162 
Fluctuations of anisotropy 428 
Fluctuations in ferromagnets 162-6 
Focusing medium 379 
Fresnel ellipsoid 338 
Fresnel’s equation 335, 341 
Fresnel’s formulae 295 


Galvanic cell 94 

Geometrical optics 290-3 
Group velocity 237, 291, 335 
Gyration vector 348, 354-5, 363 
Gyromagnetic Coefficients 129 
Gyromagnetic phenomena 129 
Gyrotropic media 336n., 348 
Gyrotropy, natural 363 


Hall constant 91 

Hall effect 91 

Hartmann number 231 

Helicoidal magnetic structure 178—9 

H waves 305. 306-7, 314 

Hydromagnetic waves 235—53 
absorption of 239 

Hysteresis 142 


Image 8 

force 9, 37 
Images, method of 8-10 
Impedance 210 

matrix 213 

Surface 203, 300-4, 332-3 
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Incommensurate phases 179 
Inductance 
mutual 119, 210 
self- 118; see also Self-inductance 
Induction 
electric 35 
magnetic 105 
unipolar 220 
Inertial range of turbulence 255 
Integral intensity of X-ray diffraction 445—7 
Intermediate state 189—98 
Inversion 
method of 10—11 
radius of 10 
transformation 10 
Ionization losses by fast particles 394—405 
relativistic 399—405 


Joule’s law 87 
in a moving conductor 217 


Kerr effect 347 
Kimematic theory of scattering 443n. 
Kinetic coefficients 88 

symmetry of 87-8, 90, 333, 348 


Kramers and Kronig’s formulae 281—3, 302-3 


Landau—Placzek formula 431 
Laue’s equation 441 
Laue’s method 445n. 
Leduc—Righi effect 101 
Linear currents 110, 119-21, 210—2, 221-2 
mutual inductance of 210 
self-inductance of 121-6 
Liquid crystal 70 
scattering in 435-6 
Local equation 200 
Logarithmic accuracy 122 
Lorentz condition 399 
Losses 
electric 274 
magnetic 274 


Magnetic anisotropy energy 136n., 138—40 
Magnetic axis 235 
Magnetic Bravais lattice 135 
Magnetic crystal classes 131, 132-4 
Magnetic field 106 
boundary conditions 107, 200-1 
conducting fluid moving in 225—56 
conductor moving in 217-22 
forces on matter in 126—9 
static (IV) 105ff. 
of steady current 107—143 
thermodynamics of 113—17 
see also Electromagnetic field 
Magnetic flux 120 
Magnetic induction 105 
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Magnetic losses 274 
Magnetic moment 106 

in variable field 268 
Magnetic—optical effects 347-55 
Magnetic permeability 106 

analytic properties of 283 

of crystals 331 

dispersion of 268—72 
Magnetic polarizability tensor 204 
Magnetic Reynolds number 229 
Magnetic space groups 131, 134—5 
Magnetic structure 130 

helicoidal 178-9 
Magnetic sub-lattice 132 
Magnetic surfaces 232 
Magnetic susceptibility 106 

sign of 106, 115 
Magnetic symmetry of crystals 130—5 
Magnetic-type waves see H waves 
Magnetization 105 

curve 141-4 

easy 139 

by rotation 129 

regions of spontaneous, see Domains 
Magnetoelastic energy 144 
Magnetoelectric effect 176-8 
Magnetohydrodynamics (YII) 225ff. 
Magnetosonic waves 237 
Magnetostatic energy 158 
Magnetostatic oscillations 269n. 
Magnetostatics and electrostatics compared 

113, 126, 130, 135 

Magnetostriction 144-7 

linear 176 
Mandel’shtam—Brillouin doublet 430 
Manley—Rowe theorem 373 
Maxwell effect 356 
Maxwell stress tensor 29 
Maxwellian relaxation time 432 
Maxwell’s equations 2, 105, 333, 399 
Mechanical—optical effects 355-7 
Meridional distribution 234 
Micromagnetism 157n. 
Momentum density 260 
Mutual inductance 119, 210 


Natural optical activity 362-6 
of crystals 364-5 

Navier-Stokes equation 225, 228 

Nematic crystal 70 

Nernst effect 101 

Non-linear optics (XMI) 372ff. 

Non-local relation 358 

Non-uniformity energy 147 

Notation xii—xiii 


Ohm’s law 8&6, 213 
Optical activity, natural 362-6 
of crystals 364—5 


106, 
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Optical activity vector 348 
Optical axis 339, 343 
Circular 346 
Singular 346 
Optical frequencies 265 
Optical ray axis 343 
Ordinary waves 340 
Orientational transitions 
Oscillator strength 282 


159-62 


Parametric amplification 388 
Peltier coefficient 99 
Peltier effect 99 
Penetration depth 201-10, 301 
in a superconductor 180, 301 
Permeability see Magnetic permeability 


Permittivity 
analytical properties of 279-83 
of crystals 331-3 


dispersion of 264-7 
electrostatic 36 
at high frequencies 
longitudinal 361 
at low frequencies 267 
of a mixture 42-4 
non-linear 374-8 
tensor 54, 64, 347, 422 
transverse 361 
Phase velocity 236, 291 
Piezoelectric tensor 68, 70—2 
Piezoelectricity 55n., 65n., 67—74 
Piezomagnetism 176, 177 
Pinch 233 
Polariton range 369n. 
Polarizability tensor 7, 204 
Polarization 34 
coefficient 36 
of a dielectric in a variable field 266-7 
of electromagnetic waves in an anisotropic 
medium 337-8 
in geometrical optics 297 
in a gyrotropic medium 353 
total 297 
in a uniaxial crystal 340 
Ponderomotive forces 59 
Potential 
contact 93 
electric 
complex 11 
scalar 2—3, 399 
vector 11, 108, 120, 399 
Powder method 446n. 
Poynting vector see Energy flux 
Principal dielectric axes 334 
Principal maxima 441 
Principal section 340 
Principal waves in waveguides 316 
damping of 317 
Pump wave 393 
Pyroelectricity 55—6 


267-8 


Q factor of a resonator 311 
Quadrupole moment tensor 25 
of conducting ellipsoid 25-6 
Quality of a resonator 311 
Quasi-static fields (YII) 199ff. 


Raman—Landsberg—-Mandel’shtam effect 428 
Raman scattering 428 

stimulated 391-3 
Ray surface 335, 339—40, 343-4 
Ray vector 335 
Rayleigh scattering 428 
Reactance 211n. 
Reciprocity theorem 309 
Reflection coefficient 295—300, 303-4 
Reflection point 305 
Refractive index 285, 290, 334n., 340 
Relativistic interactions 136, 178 
Resistance 21 1n. 

complex 210-14 
Resonators 310—13 

quality of 311 
Reynolds number, magnetic 229 
Rotation method 446n. 


Scale invariance 163, 172 
Scattering 413 
in amorphous solids 436-8 
anti-Stokes 413 
antisymmetric 417 
cross-section for 319 
of electromagnetic waves (XV) 413ff. 
by small particles 319-22 
spontaneous 421 
in liquid crystals 435-6 
plane 320 
principle of detailed balancing for 419-22 
Raman see Raman scattering 
Rayleigh, in gases and liquids 428-33 
scalar 417 
with small change in frequency 422-8 
spontaneous 421 
Stokes 413 
symmetric 417 
Second-harmonic generation 383-8 
Self-channelling 381 
Self-focusing 378--83 
Self-inductance 118 
of linear conductors 121-6 
of superconductors 183—5 
Shock waves in a magnetic fluid 245-53 
electromagnetic 389 
evolutionary 247 
fast 250 
parallel 251 
perpendicular 247 
slow 250 
switch-off 252 
switch-on 252 


Single-domain particles 157—9 
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Skin effect 122n., 208—10 
Solenoid 122, 125-6 


Solids, forces in 64—7 
Spatial dispersion (XH) 358ff. 
Sphere 
conducting 9—10, 14, 32, 57, 88-9, 205-6, 207, 
221 
dielectric 39—40, 42, 56. 57, 67. 263-4 
Spheroidal coordinates 
oblate 20 
prolate 20 
Spin flop 169 
Stewart—Tolman effect 223 
Stimulated emission 413n. 
Stimulated Raman scattering 391—3, 421-2 
Stopping power 396 
Stress tensor 60, 64, 65, 276—8 
Strong electromagnetic waves 388—91 
Sum rule 282 
Superconductivity (VI) 
current 182—5 
destruction of 185 
transition point 180 
Superconductors 180ff. 
critical field in 185—9 
currents in 182-5 
disc-shaped 185 
ellipsoidal 193 
impedance of 301-2 
intermediate state of 189—98 
magnetic properties of 180—2 
multiply connected 183-5 
rotating 224 
self-inductance of 183-5 
thermodynamics of 185—9 
types of 180n. 
Susceptibility see Dielectric susceptibility; Magnetic 
susceptibility 
Synchronism condition 384 


180ff. 


Telegraph equation 318 

Tensor ellipsoid 55 

Thermodynamic inequalities 74-7 
Thermoelectric phenomena 97 
Thermoelectromotive force 100 
Thermogalvanomagnetic phenomena 101 
Theta pinch 234 

Thomson coefficient 99 

Thomson effect 99 


Index 


Thomson’s formula 215 
Thomson’s relations 100 
Thomson’s theorem 6 
Total polarization, angle of 297 
Total reflection 298 

angle of 297 
Transition radiation 408—12 
Transparency ranges 274 
Transparent media 286—9 
Transverse waves 314n. 
Turbulence in conducting fluid 253 
Turbulent dynamo 253-6 
Two-dimensional field 11 
Two-photon absorption 393 


Uniaxial crystals 
negative 339 
positive 339 

Unipolar induction 220 


55, 339-41 


Vector potential 11, 108, 120, 399 
Velocity of light in a moving medium 292-3 


Waveguides 313 
Waves 
on a Charged liquid surface 33 
electric-type see E waves 
electromagnetic see Electromagnetic waves 
extraordinary 340 
hydromagnetic see Hydromagnetic waves 
magnetic-type see H waves 
ordinary 340 
principal 316 
scattered 413 
shock see Shock waves 
Wave-vector surface 335, 339, 341—2, 350 
Wedge, diffraction by 323-7 
Wedge problem 12-13 
Work function 92 
Work potential 92 


X-ray diffraction in crystals see under Diffraction 
X-rays, diffuse thermal scattering of 447-9 


Zemplen’s theorem 246 
z pinch 233 


